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ABSTRACT
Laser-based techniques have been applied to active imaging, 
ranging and terrain mapping. A review of currently 
available devices and techniques pertinent to laser-based 
sensing is presented. An important conclusion drawn is that 
the science has now matured sufficiently to make laser-based 
remote imaging a practical proposition.
A major part of the thesis is directed towards the 
design and development of a prototype short range 
laser-based terrain mapping system. The pulsed gallium 
arsenide (GaAs) semiconductor-laser diode-based equipment 
described in the thesis is capable of determining terrain 
slopes at distances of up to 25m.
The terrain mapper has been operated successfully, 
both in the laboratory and also during field trials. 
Results are presented which, although of a preliminary 
nature, indicate that the design aims have been achieved.
An extensive investigation has been carried out into 
the performance of single heterojunction laser-diodes when 
operated with short duration ( ie less than 10ns ) current 
pulses. In this regime laser turn-on effects are found to 
dominate the laser’s performance. Results of both 
theoretical and experimental studies are presented. Good 
agreement is found between theory and practice and the 
performance of these devices operating in this mode is now 
better understood.
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CHAPTER 1
The continuing advancement in the performance and 
reliabilty of electro-optic devices and techniques is now 
allowing laser-based solutions to be applied in a number of 
new applications. One such application, and one with which 
this thesis is principally concerned, is that of active 
imaging.
Active imaging systems use the scattered radiation 
from a co-operative illuminating source, usually a laser, to 
form an image of the scene being viewed. The potential 
advantages of active imaging and ranging in the optical and 
infrared region of the spectrum, as compared to the radio 
frequency region, were recognised long before the advent of 
the laser in the late 1950’s. Compared to microwave and 
millimetre-wave radars, optical systems can achieve 
beamwidths ~10 -10 times smaller than can be obtained from 
a similar sized aperture in the radio frequency region. It 
is this significant increase in angular resolution, ( in 
addition to the improved temporal resolution achieved by the 
large available bandwidth ) which makes optical and infrared 
systems so attractive.
INTRODUCTION, SUMMARY AND CONCLUSIONS
1.1  INTRODUCTION
T h i s  t h e s i s  i n v e s t i g a t e s  t h e  use  o f  l a s e r - b a s e d
16
techniques in active imaging and ranging, with particular 
emphasis on an in-depth case study of a laser-based terrain 
mapping system developed for an external contractor. The 
use of an active laser-based system was found to be the only 
viable solution which could meet the requirements laid down 
by the contractor.
The design philosophy of the terrain mapper is 
presented together with some details of the actual 
construction as well as some preliminary results.
Optical pulses with fast risetimes and short durations 
are necessary to achieve the required ranging accuracy and 
resolution. Therefore particular attention has been paid to 
the performance of the gallium arsenide lasers used in the 
terrain mapper when they are operated with short duration ( 
less than 10ns ) current pulses. The results from both 
theoretical and practical studies are included.
Since as yet there exist only very few published 
papers in the field, this introductory chapter begins with a 
broad overview of the subject. Potential areas of 
application are outlined, with frequent comparisons being 
drawn with existing more established technologies, such as 
microwave and millimetre-wave radars and passive 
optical/infrared imaging.
17
Ever since the advent of radar over 40 years ago there 
has been a continual research effort, the size of which can 
be gauged by the large number of scientific papers published 
on the topic yearly, aimed at improving system performace as 
more and more applications have arisen. For example, today 
radars are employed in such diverse areas as meteorology 
[Rodgers 1983], satellite tracking [Lerch 1970], iceberg 
detection [Williams 19791 and, of course, in the marine 
field [Croney 1970], Most radar systems, however, can 
usually only detect the presence or absence of an object, or 
'target*. Little, if any, information is obtained by the 
radar about the target’s size or structure for which high 
angular resolution is required. The exceptions here are 
radars which use a synthetic aperture of large effective 
size, formed by moving a physically small aperture and 
applying digital signal processing techniques, to obtain 
extremely narrow beamwidths [Cutrona 1970]. Their
complexity and the need to achieve a significant 
displacement of the aperture limits the application of such 
systems mainly to airborne and spaceborne Earth sensing 
where the motion of the vehicle is used to form the aperture 
[Bennett 1982].
In many applications, such as in airfield taxiway and 
harbour/estuary surveillance, and in short-range sensors for 
robotics vision systems, a target identification, as opposed 
to a simple detection, capability is often required and this 
again calls for high angular and range resolution.
1 . 1 . 1  O v e r v i e w
18
The angular resolution 
determined by the antenna 
wavelength of operation. The 
( 0d ) obtainable from an 
wavelength X, is given by the 
19491
of a radar is principally 
aperture dimensions and the 
diffraction-limited beamwidth 
aperture of dimension, D, at a 
well known expression [Silver
0d ~  — —  ..... ......  (1.1)
D
In the microwave region of the spectrum beamwidths of the 
order of a few degrees can be obtained from apertures of a 
few metres in extent. It is evident that to increase the 
angular resolution, and hence, therefore, to improve target 
discrimination, either the aperture size must be increased 
or the operating wavelength reduced. Increasing the 
aperture size is an unattractive solution for two reasons. 
Firstly, to produce any significant improvement in angular 
resolution the aperture size would have to be increased by
such an extent that it would soon become prohibitively
large. Secondly, increasing the aperture size may not 
always be helpful since the near/far field transition range 
is thereby increased. In the near field region, which
pextends up to a range of ~2.D /fy [Kraus 1950] targets cannot 
be separately resolved if spaced apart by less than the 
aperture dimensions.
Hence in many instances the only realistic solution to 
increasing the angular resolution is to reduce the operating
19
wavelength.
The choice of operating wavelength below about 1.5cm 
(ie above 20GHz) is governed mainly by the presence or 
absence of a suitable atmospheric transmission window in the 
spectrum, since the atmosphere is strongly absorbing, via 
H20 and 02 in this region. Suitable atmospheric windows 
exist at 94, 140, 220 and 890GHz. Most of the work on
millimetre wave radar systems to date has centred on the 
frequency band around 94GHz owing to the higher output 
powers which can be obtained from currently available 
devices [Purcell 19791 at this frequency. Johnston [19791 
presents a review of radar systems operating in the 
millimetre wave band. However, even at these frequencies 
the angular resolution is not normally sufficient to resolve 
much target detail. The atmosphere becomes essentially 
opaque above 890GHz until the upper edge of the 8-14 micron 
infrared window (the so called thermal window) is reached. 
Although atmospheric attenuation is a rapidly varying
function of wavelength in this region several transmission 
windows exist through to the ultraviolet region. A more
detailed discussion of atmospheric effects relevent to laser 
radar performance is reserved for the next chapter.
It is a useful exercise at this stage to compare the 
operation of a laser-based radar with that of a conventional 
microwave radar. Microwave radars are in widespread use and 
are fitted to craft ranging from small yachts to large 
supertankers (which may be equipped with several radar 
systems). The vertical fan shaped transmitted beam is
2 0
mechanically scanned in azimuth, with a resolution of 
perhaps 4°. Coverage in the vertical plane, achieved by 
virtue of the fan shaped beam, may extend to 20° or so. For 
most targets of interest the transmitted beam will 
completely envelop the target. In contrast consider a 
laser radar operating in a similar fashion, also having a 
fan shaped beam, produced using, for example, a cylindrical 
beam expanding lens, - to exploit the available resolution 
in azimuth a beamwidth of say, a modest 1mR, may be used. 
It is obvious that if coverage over the full 360° of azimuth 
were to be achieved an unacceptably low scanning rate would 
be required. With approximately 6000 azimuth resolution 
cells and with the radar transmitting, say 5 pulses per cell 
to permit integration, a pulse repetition frequency (prf) of 
30kHz would be required if the scan rate were to be 
1 rev/sec. It is doubtful whether a suitable laser source 
could be found to operate at such speeds and in any case 
repetition rates in this region would limit the maximum 
operating range owing to second-time-around returns. Should 
resolution in elevation also be required then the prf would 
become prohibitively high.
This simple example vividly illustrates that in target 
search applications laser-based systems will generally be 
unsuitable. However, when the approximate co-ordinates of a 
target of potential interest are known, having been obtained 
from a conventional radar say, then with the limited field 
of view (fov) to be covered a laser-based radar could 
produce a high resolution scan of the target in a fraction
21
of a second. Hence laser-based systems of this type will, 
in general, be used in conjunction with other remote 
sensors.
There are several possible transmitter/receiver 
configurations which could be adopted. A receiver having a 
single detector whose field of view is scanned in unison 
with the transmitted beam is one obvious possibility. 
Alternatively various solid state detector arrays are 
available (both 1 and 2 dimensional) which could be used to 
form a ’staring receiver’ requiring no mechanical scanning. 
This configuration could be used in conjunction with either 
a scanned collimated transmitter beam or a ’floodlight’ beam 
which covers the total field of view of the receiver.
However, combining a laser illuminator with a 
conventional passive imager, although improving the 
performance of the passive imager under conditions of low 
ambient radiation, does not normally allow range information 
to be extracted. This highlights a significant advantage of 
active imaging as compared to passive imaging. The ability 
to obtain range information, which is of course in itself a 
considerable advantage when one considers the problems 
associated with deriving range information from passive 
images [McVey 1982], can also allow range-gating to be 
performed. Range-gating enables target contrast enhancement 
to be achieved. Consider, for example, a target situated 
against a background of similar visual appearance. Viewed 
with a passive imager the target contrast will be low and 
the target may not be perceivable. An active imager with a
2 2
range-gating facility can selectively ’open’ the receiver to 
view any required range resolution cell. The background is 
now effectively removed and the target appears in isolation 
from its surroundings. With the high switching speed 
obtainable from electro-optic devices, range-gates of only a 
few metres in extent are easily achievable.
Range-gating can also be used to good effect to 
improve contrast in conditions of poor atmospheric 
visibility. If artificial illumination is used in such 
conditions then considerable backscattering directly into 
the receiver will occur from the atmospheric precipitation 
whenever the dominant attenuation mechanism is scattering. 
Such conditions occur, for example, in mist and fog. The 
use of an illuminating source with a passive imager would do 
little to improve the target contrast. The situation is 
similar to the effect observed when driving a car through 
fog; switching the headlamps to main-beam (ie increasing 
the illumination) just results in a greater level of 
backscattered light from the fog, no increase in visibilty 
occurs. An active system with a range-gate can, however, 
exclude the large atmospheric backscattered signal. Given 
that sufficient of the transmitted beam reaches the target 
through the precipitation (beamspreading and absorption will 
both cause the beam to be attenuated) an improvement in 
target contrast will be achieved.
The merits of active imagers and the improvements 
which can be gained by using range-gating were first 
investigated in some experiments which formed a preliminary
23
p a r t  o f  t h e  p r e s e n t  p r o j e c t .  D e t a i l s  o f  t h e  a c t i v e  i m a g e r  
w h i c h  w a s  d e s i g n e d  a r e  b r i e f l y  d e s c r i b e d  i n  A p p e n d i x  1 . 1 ,  
h o w e v e r ,  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  i m a g e r  a r e  
s u f f i c i e n t l y  i n t e r e s t i n g  t o  w a r r e n t  i n c l u s i o n  h e r e  o f  
F i g s . 1 . 1  a n d  1 . 2 .
F i g . 1 . 1 ( b )  s h o w s  t h e  r e s u l t  o f  o p e r a t i n g  t h e  i m a g e r
a g a i n s t  a  c l o c k  f a c e  s i t u a t e d  8 5 m  f r o m  t h e  i m a g e r .  T h i s
F i g u r e  c l e a r l y  d e m o n s t r a t e s  t h e  r e s o l u t i o n  w h i c h  c a n  b e  
a c h i e v e d  w i t h  a n  a c t i v e  i m a g e r .
F i g . 1 . 2  i l l u s t r a t e s  t h e  a d v a n t a g e s  w h i c h  c a n  b e  
a c h i e v e d  b y  u s i n g  a  r a n g e - g a t e d  r e c e i v e r .  A  h a r d b o a r d  
c u t - o u t  o f  a  s h i p ,  F i g . 1 . 2 ( a )  m e a s u r i n g  5 8 c m  b y  2 5 c m  w a s  
s i t u a t e d  a t  a  r a n g e  o f  2 4 m  f r o m  t h e  t r a n s c e i v e r ,  t h e  a n g l e  
s u b t e n d e d  b e i n g  1 . 4 ° .
T o  s h o w  t h e  e f f e c t s  o f  p o o r  t a r g e t / b a c k g r o u n d  c o n t r a s t  
a  0 . 9 m  b y  0 . 6 m  b o a r d  o f  t h e  s a m e  m a t e r i a l  w a s  p l a c e d  a  
f u r t h e r  6 m  a w a y .  A s  c a n  b e  s e e n  f r o m  F i g . 1 . 2 ( b )  t h e  p r o f i l e
o f  t h e  t a r g e t  i s  h a r d  t o  d i s t i n g u i s h  b y  e y e .
W i t h  t h e  b a c k g r o u n d  b o a r d  n o w  r e m o v e d  a 
s e m i - t r a n s p a r e n t  s c r e e n  w a s  p l a c e d  a t  a  r a n g e  . o f  7 m .  A  
p h o t o g r a p h  o f  t h e  s c e n e  i s  s h o w n  i n  F i g . 1 . 2 ( c ) .  A g a i n  t h e  
t a r g e t  p r o f i l e  i s  n o t  r e a d i l y  d i s c e r n a b l e  b y  e y e .
W i t h  b o t h  t h e  b a c k g r o u n d  b o a r d  a n d  s c r e e n  i n  p l a c e ,  a n  
i m a g e  o f  t h e  t a r g e t  w a s  o b t a i n e d  u s i n g  t h e  i m a g e r ,  
F i g . 1 . 2 ( d ) .  A l l o w i n g  f o r  t h e  p o o r  l i n e  r e g i s t r a t i o n  c a u s e d  
b y  t h e  m e t h o d  o f  s c a n n i n g ,  t h e  f e a t u r e s  o f  t h e  t a r g e t  a r e  
e a s i l y  r e c o g n i s a b l e .
A l t h o u g h  l a s e r - b a s e d  i m a g i n g  s y s t e m s  a r e  s t i l l  v e r y
b) A c t iv e  image o f  c lo c k  fa c e
F i g .  1 .1  R e s o lu t io n  o b t a in a b le  from  an a c t i v e  im ager
a ) T a r g e t  p r o f i l e  b) T a r g e t  and low
c o n t r a s t  background
c) T a rg e t  p lu s  in t e r v e n in g  d) Image ta k e n  w i t h  th e
c l u t t e r  a c t i v e  im ager
F i g . 1 .2  D e m o n stra tio n  o f  th e  advantages  o f  r a n g e -g a t in g
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n e w ,  m o r e  s i m p l e  l a s e r  r a n g e f i n d i n g  d e v i c e s  h a v e  b e e n  i n  
e x i s t e n c e  f o r  o v e r  2 0  y e a r s .  I t  i s  w o r t h w h i l e  a t  t h i s  s t a g e  
o f  t h i s  i n t r o d u c t i o n  t o  s u m m a r i s e  b r i e f l y  t h e  s t a t e  o f  t h e  
a r t  o f  l a s e r  r a n g e f i n d i n g  s i n c e  m u c h  o f  i t  i s  o f  a p p l i c a t i o n  
t o  l a s e r - b a s e d  i m a g i n g  s y s t e m s .
1 . 1 . 2  L a s e r  R a n g e f i n d e r s
T y p i c a l  e a r l y  l a s e r  r a n g e f i n d e r s  u s e d  p u l s e d  l a s e r s
h a v i n g  r u b y  ( 6 9 4 . 3 n m  w a v e l e n g t h )  a s  t h e  a c t i v e  m e d i u m  w i t h  
r a n g i n g  u p  t o  1 0 k m  a n d  r a n g e  a c c u r a c i e s  o f  a  f e w  m e t r e s
b e i n g  r e a d i l y  a c h i e v a b l e  [ V o l l m e r  1 9 6 7 ] .  T h e  l o w  c o n v e r s i o n  
e f f i c i e n c y  o f  r u b y  r e q u i r e s  t h a t  a  l a r g e  p u m p i n g  e n e r g y  o f  
s e v e r a l  h u n d r e d  j o u l e s  b e  s u p p l i e d  f o r  e v e r y  p u l s e
t r a n s m i t t e d ,  m a k i n g  a  c o m p a c t  d e s i g n  d i f f i c u l t .  T o d a y  t h e  
m o r e  e f f i c i e n t  ( 2 % c o m p a r e d  t o  r u b y ’ s  0 . 0 5 % )  n e o d y m i u m  d o p e d  
y t t r i u m  a l u m i n i u m  g a r n e t  ( N d : Y A G , 1 . 0 6 p m  ) c r y s t a l ,  w h i c h
a l s o  h a s  s u p e r i o r  m e c h a n i c a l  p r o p e r t i e s ,  i s  n o w  w i d e l y  u s e d  
i n  m a n y  m i l i t a r y  r a n g e f i n d e r s  [ C o f f e y  1 9 7 2 ] .  T h e s e  
c o m m e r c i a l l y  a v a i l a b l e  r a n g e f i n d e r s  c a n  b e  v e r y  c o m p a c t ,  
b e i n g  s i m i l a r  i n  a p p e a r a n c e  t o  a  p a i r  o f  b i n o c u l a r s .  A  
d i r e c t  r a n g e  r e a d o u t  u s i n g  l i g h t  e m i t t i n g  d i o d e s  ( L E D ’ s )  i s  
n o r m a l l y  p r e s e n t e d  t o  t h e  o p e r a t o r  t h r o u g h  o n e  o f  t h e  
e y e p i e c e s .  A r a n g e - g a t e  c a n  u s u a l l y  b e  i m p l e m e n t e d  t o  
d i s t i n g u i s h  b e t w e e n  m u l t i p l e  r e t u r n s .  O u t p u t  p u l s e  p o w e r s
a r e  u s u a l l y  i n  t h e  r e g i o n  o f  0 . 5 - 2 M W . ,  w i t h  p u l s e  d u r a t i o n s  
o f  a  f e w  t e n s  o f  n a n o s e c o n d s .  R e p e t i t o n  r a t e s  a r e  g e n e r a l l y  
l o w ,  b e i n g  o f  t h e  o r d e r  o f  a  f e w  p u l s e s  p e r  s e c o n d .  I n  
a d d i t i o n  t o  m i l i t a r y  a p p l i c a t i o n s  s o l i d  s t a t e  l a s e r
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r a n g e f i n d e r s  h a v e  a l s o  b e e n  u s e d  f o r  a t m o s p h e r i c  p o l l u t i o n  
m o n i t o r i n g  [ U t h e  1 9 8 2 ] ,  a n d  a i r b o r n e  s e a - d e p t h  p r o f i l i n g  
[ K i m  1 9 7 7 1 .
N d : Y A G  r a n g e f i n d e r s  p r e s e n t  a  h a z a r d  t o  t h e  u n a i d e d  
e y e  a t  r a n g e s  u p  t o  0 . 5 - 1 k m ,  a n d  t h e  p r o b l e m  i s  c o m p o u n e d  i f  
v i e w i n g  a i d s  s u c h  a s  b i n o c u l a r s  a n d  t e l e s c o p e s  a r e  u s e d  t o  
v i e w  t h e  b e a m  i n a d v e r t a n t l y .  U n d e r  i l l u m i n a t i o n  f r o m  a 
c o h e r e n t  s o u r c e  t h e  f o c u s i n g  a c t i o n  o f  t h e  e y e  i s  s u c h  a s  t o  
c o n c e n t r a t e  i n c o m i n g  l i g h t  o n t o  a  v e r y  s m a l l  a r e a  o f  t h e  
r e t i n a ,  p r o d u c i n g  a  h i g h  p o w e r  d e n s i t y  c a p a b l e  o f  i n f l i c t i n g  
d a m a g e  e v e n  a t  o n l y  r e l a t i v e l y  l o w  p o w e r  l e v e l s .  H o w e v e r ,  
a t  w a v e l e n g t h s  o f  a b o v e  1 . 4 y m  t h e  c o r n e a l  l a y e r  o f  t h e  e y e  
b e c o m e s  e s s e n t i a l l y  o p a q u e ,  t h u s  p r e v e n t i n g  t h e  l a s e r  
r a d i a t i o n  f r o m  r e a c h i n g  t h e  h i g h l y  s e n s i t i v e  r e t i n a .  T h e  
s o l i d  s t a t e  h o l m i u m  l a s e r ,  o p e r a t i n g  a t  a  w a v e l e n g t h  o f  
2 . 0 6 j j m ,  e n a b l e s  a n  i n c r e a s e  o f  2 x 1 0 ^  i n  i n c i d e n t  p o w e r  t o  b e  
t o l e r a t e d  a t  t h e  e y e  c o m p a r e d  t o  a n  e q u i v a l e n t  N d : Y A G  
s y s t e m .  T h i s  a l l o w s  f o r  e y e - s a f e  o p e r a t i o n  a t  v i r t u a l l y  a n y  
v i e w i n g  r a n g e .  H o l m i u m  l a s e r  r a d i a t i o n  i s ,  h o w e v e r ,  a l s o  
t r a n s m i t t e d  b y  o p t i c a l  v i e w i n g  a i d s  ( s i l i c a  g l a s s  i s  
t r a n s m i s s i v e  u p  t o  a p p r o x i m a t e l y  4 j j m )  a n d  t h i s  f a c t  c a n
c o n s i d e r a b l y  r e d u c e  t h e  s a f e  o p e r a t i n g  r a n g e .  A  h o l m i u m  
b a s e d  h a n d - h e l d  e y e - s a f e  l a s e r  r a n g e f i n d e r  h a s  b e e n  r e p o r t e d  
[ F o r r e s t e r  1 9 8 1 ]  w h i c h  h a s  a  s i m i l a r  o p e r a t i o n a l  p e r f o r m a n c e  
t o  N d : Y A G ,  w i t h  a  s l i g h t l y  e n h a n c e d  p e r f o r m a n c e  i n  l o w
v i s i b i l t y  c o n d i t i o n s ,  o w i n g  t o  t h e  r e d u c e d  a t m o s p h e r i c
s c a t t e r i n g  a t  t h e  l o n g e r  w a v e l e n g t h .
T h e  h o l m i u m  l a s e r  h a s  t h e  l o n g e s t  o p e r a t i n g  w a v e l e n g t h
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o f  t h e  s o l i d  s t a t e  l a s e r s .  F o r  l o n g e r  w a v e l e n g t h  o p e r a t i o n ,  
w h e r e  t h e  b e n e f i t s  o f  e y e - s a f e  o p e r a t i o n  a n d  i m p r o v e d  
p r o p a g a t i o n  c h a r a c t e r i s t i c s  i n  p o o r  v i s i b i l i t y  o c c u r ,  
r a n g e f i n d e r s  b a s e d  o n  g a s  l a s e r s ,  n o t a b l y  t h e  c a r b o n  d i o x i d e  
( C O ^ )  l a s e r  o p e r a t i n g  5 a t  1 0 . 6 p m ,  a r e  u s e d .  T h e  h i g h
s p e c t r a l  p u r i t y  w h i c h  c a n  b e  o b t a i n e d  f r o m  g a s  l a s e r s  
e n a b l e s  t h e  u s e  o f  e i t h e r  d i r e c t  o r  h e t e r o d y n e  d e t e c t i o n  
s c h e m e s .  U s i n g  a  h e t e r o d y n e  b a s e d  r e c e i v e r  i n c r e a s e d  
d e t e c t i o n  s e n s i t i v i t y  c a n  b e  o b t a i n e d  a s  c o m p a r e d  w i t h
d i r e c t  d e t e c t i o n  e s p e c i a l l y  a t  t h e  C 0 2  l a s e r  w a v e l e n g t h .  
T h e  u s e  o f  c o h e r e n t  d e t e c t i o n  e n a b l e s  D o p p l e r  s h i f t s  t o  b e  
d e t e r m i n e d  [ H u g h e s  1 9 7 3 ]  a n d  a l s o  o p e n s  u p  t h e  p o s s i b l i t y  o f  
t h e  u s e  o f  p u l s e  c o m p r e s s i o n  t e c h n i q u e s  [ O l i v e r  1 9 7 9 ] ,  A 
C 0 2  h e t e r o d y n e  l a s e r  r a n g e f i n d e r  d e s c r i b e d  b y  H u l m e  [ 1 9 8 1 ]  
u s e d  a  f r e q u e n c y  c h i r p  w a v e f o r m  t o  m o d u l a t e ,  v i a  a n
a c o u s t o - o p t i c  m o d u l a t o r ,  a  3 - 4 W  c o n t i n u o u s - w a v e  l a s e r .  A  
s u r f a c e  a c o u s t i c - w a v e  f i l t e r  c o m p r e s s e d  t h e  ^ m i c r o s e c o n d  
t r a n s m i t t e d  p u l s e s  t o  a p p r o x i m a t e l y  1 0 0 n s  o n  r e c e p t i o n .  
W h e n  o p e r a t i n g  a g a i n s t  n a t u r a l  t a r g e t s  r a n g e s  o f  a  f e w
k i l o m e t r e s ,  w i t h  r a n g e  a c c u r a c i e s  o f  a  f e w  m e t r e s  w e r e  
a c h i e v e d ,  w i t h  i n t e g r a t i o n  t i m e s  o f  a  f r a c t i o n  o f  a  s e c o n d .
A  p u l s e d  C 0 2  c o h e r e n t  l a s e r  r a n g e f i n d e r  h a s  b e e n
d e s c r i b e d  b y  C r u i k s h a n k  [ 1 9 7 9 ] ;  r a n g i n g  t o  3 2 k m  w a s
a c h i e v e d  w i t h  a  4 0 0 k W  I m i c r o s e c o n d  d u r a t i o n  p u l s e .  A  d i r e c t  
d e t e c t i o n  p u l s e d  C 0 2  l a s e r  r a n g e f i n d e r  p r o d u c i n g  p u l s e s  o f  
3 0 0 k W  ( p e a k )  a n d  6 0 n s  d u r a t i o n  w i t h  r a n g i n g  t o  5 k m ,  i s  
d e s c r i b e d  b y  T a y l o r  [ 1 9 7 8 ] .
T h e  h e l i u m  n e o n  c . w .  g a s  l a s e r ,  w h i c h  o p e r a t e s  a t  a
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w a v e l e n g t h  o f  6 3 2 . 8 n m  h a s  a l s o  b e e n  u s e d  f o r  r a n g i n g .  S u c h  
l a s e r s  h a v e  f o u n d  a p p l i c a t i o n  i n  c i v i l i a n  s u r v e y i n g ,  u s i n g  
r e t r o r e f l e c t i v e  t a r g e t s  a n d  s i m p l e  c . w .  m o d u l a t i o n .  
R a n g i n g  t o  m a n y  k i l o m e t r e s ,  w i t h  a c c u r a c i e s  o f  a  f e w  
m i l l i m e t r e s ,  h a s  b e e n  a c h i e v e d ,  a l t h o u g h  t o  a t t a i n  t h i s  
l e v e l  o f  a c c u r a c y  t h e  v e l o c i t y  o f  p r o p a g a t i o n  m u s t  b e  k n o w n  
t o  a t  l e a s t  t h i s  p r e c i s i o n  [ E a r n s h a w  1 9 6 7 3 .  L o n g  r a n g e  
o p e r a t i o n  o f  h e l i u m  n e o n  s y s t e m s  w i t h  n o n  c o - o p e r a t i v e  
t a r g e t s  i s  n o t  g e n e r a l l y  p o s s i b l e  o w i n g  t o  t h e  d e g r e d a t i o n  
o f  s i g n a l - t o - n o i s e  r a t i o  w h i c h  w o u l d  o c c u r  w i t h  a  d i r e c t  
d e t e c t i o n  r e c e i v e r .  T h e  h e l i u m  n e o n  l a s e r  a l s o  h a s  t h e  
d i s a d v a n t a g e  o f  o p e r a t i n g  i n  t h e  v i s i b l e  r e g i o n  a n d  c a n ,  
t h e r e f o r e ,  p r e s e n t  a n  e y e  h a z a r d .
B y  v i r t u e  o f  i t s  l o w  c o s t ,  s m a l l  a n d  r u g g e d
c o n s t r u c t i o n  a n d  s i m p l e  p o w e r  s u p p l y  r e q u i r e m e n t s  t h e  
s e m i c o n d u c t o r  l a s e r  i s  i d e a l  f o r  m a n y  s h o r t  r a n g e  l a s e r  
r a d a r  a p p l i c a t i o n s .  T y p i c a l  a p p l i c a t i o n s  t o  d a t e  h a v e
i n c l u d e d  a i r b o r n e  t e r r a i n  p r o f i l e r s  [ M a m o n  1 9 7 8 ]  s u r v e y i n g  
[ R a n d o  1 9 8 2 ] ,  a n d  c l o u d - b a s e  m e a s u r e m e n t  [ M i l t o n  1 9 7 2 ] .
A  s m a l l  n u m b e r  o f  p a p e r s ,  m a i n l y  d e s c r i b i n g  
e x p e r i m e n t a l  a c t i v e  i m a g i n g  e q u i p m e n t ,  h a v e  a p p e a r e d
r e c e n t l y  i n  t h e  s c i e n t i f i c  l i t e r a t u r e .
H u l l  a n d  M a r c u s  [ 1 9 7 8 ]  h a v e  d e s c r i b e d  a  p r o p o s e d
c o h e r e n t  C O ^  l a s e r - b a s e d  s y s t e m  c a p a b l e  o f  t a r g e t  s e a r c h  
( w i t h i n  a  l i m i t e d  f i e l d  o f  v i e w ) ,  i d e n t i f i c a t i o n  a n d  
a u t o m a t i c  f i r e  c o n t r o l  f o r  a i r - t o - g r o u n d  m i s s i l e  d e p l o y m e n t .  
I n  t h e  t a r g e t  s e a r c h  m o d e  t h e  l a s e r  w i l l  r u n  c . w .  a n d  t h e  
o u t p u t  b e a m  w i l l  b e  s c a n n e d  o v e r  a  2 0 ° - 3 0 °  f i e l d  -  o f  -  v i e w .
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O n c e  t h e  t a r g e t  h a s  b e e n  a c q u i r e d  t h e  s y s t e m  w i l l  c h a n g e  t o  
a  p u l s e d  m o d e  o f  o p e r a t i o n  t o  m a k e  p o s s i b l e  a c c u r a t e  t a r g e t  
r a n g e  e s t i m a t i o n  a n d  a l s o  t o  o b t a i n  c o n t r a s t  e n h a n c e m e n t  b y  
r a n g e - g a t i n g .  A  t e s t - b e d  v e r s i o n  o f  t h e  s y s t e m  u s i n g  a  
Q - s w i t c h e d  l a s e r  o p e r a t i n g  a t  2 5 k H z  p r f  a n d  a n  a v e r a g e  p o w e r  
o f  1W h a s  b e e n  u s e d  t o  i m a g e  v a r i o u s  t a r g e t s  a t  r a n g e s  o f  u p  
t o  3 k m .  A 1 H z  f r a m e  r a t e  a n d  a  F O V  o f  1 2 8 x 1 2 8  e l e m e n t s  w a s  
u s e d .
A n o t h e r  C O ^  b a s e d  i m a g i n g  s y s t e m  h a s  b e e n  d e s c r i b e d  b y  
C o u r t e n a y  [ 1 9 7 5 3 .  U s i n g  a  3 2 x 2 4  e l e m e n t  F O V  r e c e i v e r  a n d  a  
p r f  o f  1 H z  i m a g e s  a r e  p r e s e n t e d  o f  v e h i c l e s  a t  a r a n g e  o f  
2 0 0 m .
L a m b e r t s  [ 1 9 7 6 ]  r e p o r t s  o n  a N d : Y A G  l a s e r  a c t i v e  
i m a g e r .  A  r e s o l u t i o n ,  d e t e r m i n e d  b y  t h e  d i v e r g e n c e  o f  t h e  
s c a n n e d  l a s e r  b e a m ,  o f  0 . 1 7 m R  w a s  a c h i e v e d .  A  ' s t a r i n g 1 
r e c e i v e r  w a s  u s e d  t o  o b t a i n  i m a g e s  a t  r a n g e s  o f  u p  t o  1 . 5 k m .
1 . 2  S U M M A R Y
F o l l o w i n g  o n  f r o m  t h e  o v e r v i e w  p r e s e n t e d  a b o v e  c h a p t e r  
2  p r e s e n t s  a  r e v i e w  o f  d e v i c e s  a n d  p r o p a g a t i o n  
c h a r a c t e r i s t i c s  r e l e v e n t  t o  o p t i c a l  r a d a r  s y s t e m s .
D u r i n g  t h e  d e s i g n  o f  t h e  t e r r a i n  m a p p e r  s y s t e m  
d e s c r i b e d  i n  c h a p t e r  4  i t  w a s  o b s e r v e d  t h a t  t h e  p e r f o r m a n c e  
o f  s i n g l e  h e t e r o s t r u c t u r e  l a s e r  d i o d e s  w a s  s i g n i f i c a n t l y  
m o d i f i e d  w h e n  d r i v i n g  t h e s e  d e v i c e s  w i t h  s h o r t  ( l e s s  t h a n  
1 0 n s  )  d u r a t i o n  c u r r e n t  p u l s e s .  A s  n o  r e l e v a n t  p r e v i o u s  
w o r k  c o v e r i n g  t h i s  a r e a  c o u l d  b e  f o u n d  i n  t h e  s c i e n t i f i c  
l i t e r a t u r e  a  s t u d y  i n t o  t h e  o b s e r v e d  e f f e c t s  w a s  i n i t i a t e d .
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A n  a u t o m a t e d  m e a s u r e m e n t  s y s t e m  i s  d e s c r i b e d  w h i c h  h a s  
b e e n  u s e d  t o  r e c o r d  b o t h  t h e  p u m p i n g  c u r r e n t  w a v e f o r m  a n d  
t h e  r e s u l t i n g  l a s e r  o u t p u t  f r o m  a  n u m b e r  o f  c o m m e r c i a l l y  
a v a i l a b l e  l a s e r  d i o d e s .  I n  a d d i t i o n  h i g h  t e m p o r a l  
r e s o l u t i o n  ( 1 0 p s )  m e a s u r e m e n t s  w e r e  p e r f o r m e d  u s i n g  a n  
e l e c t r o - o p t i c  s t r e a k  c a m e r a  o p t i c a l  r e c e i v e r .
A  c o m p u t e r  p r o g r a m  h a s  b e e n  d e v e l o p e d  w h i c h  s o l v e s  t h e  
c o u p l e d  r a t e  e q u a t i o n s  d e s c r i b i n g  t h e  t e m p o r a l  b e h a v i o u r  o f  
t h e  l a s e r .  T h e  s i m u l a t i o n  a l l o w s  a n y  p u m p i n g  c u r r e n t  
w a v e f o r m  t o  b e  s p e c i f i e d ,  a s  w e l l  a s  t h e  p a r a m e t e r s  o f  t h e  
l a s e r ,  a n d  p r o d u c e s  a  g r a p h i c a l  o u t p u t  o f  t h e  p h o t o n  a n d  
e l e c t r o n  d e n s i t i e s  w i t h i n  t h e  l a s e r .
T h i s  p r o g r a m  h a s  a l s o  b e e n  u s e d  t o  g e n e r a t e  d r i v e  
c u r r e n t  v e r s u s  o p t i c a l  o u t p u t  t r a n s f e r  c h a r a c t e r i s t i c s  f o r  
s p e c i f i c  d r i v i n g  c u r r e n t  w a v e f o r m s  e n a b l i n g  o u t p u t  p o w e r  
p r e d i c t i o n s  t o  b e  m a d e ,  i n  p a r t i c u l a r ,  f o r  s h o r t  d u r a t i o n  
p u l s e s .  T h e  i d e a  o f  a n  e f f e c t i v e  t h r e s h o l d  c u r r e n t ,  
d e p e n d e n t  o n  t h e  c u r r e n t  p u l s e  w a v e s h a p e  a n d  d u r a t i o n  h a s  
b e e n  i n t r o d u c e d .
D u r i n g  t h e  c o u r s e  o f  t h e s e  m e a s u r e m e n t s  t h e  l a s e r ' s  
t e m p o r a l  r e s p o n s e  w a s  o b s e r v e d  t o  v a r y  a s  a  f u n c t i o n  o f  t h e  
p r o b e  d e t e c t o r  p o s i t i o n  w i t h i n  t h e  l a s e r  b e a m .  S o m e  
t e m p o r a l  r e s p o n s e  b e a m  p r o f i l e s  i l l u s t r a t i n g  t h e  e f f e c t s  
o b s e r v e d  a r e  g i v e n  i n  A p p e n d i x  3 . 1 .
C h a p t e r  4  d e s c r i b e s  t h e  d e s i g n  a n d  c o n s t r u c t i o n  o f  a 
s h o r t  r a n g e  G a A s  l a s e r - b a s e d  t e r r a i n  m a p p i n g  s y s t e m .  G a A s  
l a s e r  d i o d e s  a r e  a v a i l a b l e  f o r  o p e r a t i o n  e i t h e r  i n  c w  o r  
p u l s e d  m o d e .  A  c o m p a r i s o n  i s  m a d e  b e t w e e n  t h e  t w o  f o r m s  o f
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m o d u l a t i o n ,  w i t h  t h e  p u l s e d  m o d e  o f  o p e r a t i o n  b e i n g  f o u n d  t o  
b e  c o n s i d e r a b l y  s u p e r i o r  f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n .
A n  e r r o r  a n a l y s i s  ( A p p e n d i x  4 . 1 )  h a s  b e e n  p e r f o r m e d  
w h i c h  e n a b l e s  t h e  t e r r a i n  s l o p e  m e a s u r e m e n t  e r r o r  t o  b e  
r e l a t e d  t o  t h e  r a n g e  a n d  a n g l e  p o i n t i n g  u n c e r t a i n t i e s  o f  t h e  
i n s t r u m e n t .
F o r  s h o r t  r a n g e s  o f  o p e r a t i o n  t h e  c o n f i g u r a t i o n  o f  t h e  
o p t i c s  n e e d s  t o  b e  c a r e f u l l y  c o n s i d e r e d .  F i r s t l y ,  t h e
r e c e i v e r  m a y  b e  d e f o c u s e d  a t  s h o r t  r a n g e s ,  r e s u l t i n g  i n  a
r e d u c t i o n  o f  t h e  d e t e c t e d  s i g n a l .  S e c o n d l y ,  a n y  o b s c u r a t i o n  
o f  t h e  r e c e i v i n g  a p e r t u r e ,  w h i c h  c o u l d  o c c u r ,  f o r  e x a m p l e ,  
i f  a  c o a x i a l  o p t i c a l  a r r a n g e m e n t  i s  u s e d ,  c a n  a g a i n
s i g n i f i c a n t l y  r e d u c e  t h e  d e t e c t e d  s i g n a l  l e v e l .  T h e  e f f e c t s  
o f  r e c e i v e r  d e f o c u s i n g  a n d  o b s c u r a t i o n  a r e  d i s c u s s e d  i n  
A p p e n d i x  4 . 4 .
T a r g e t  r e f l e c t i v i t y  i s  a n  i m p o r t a n t  f a c t o r  i n  
d e t e r m i n i n g  t h e  m a g n i t u d e  o f  t h e  r e c e i v e d  s i g n a l .  I n
a d d i t i o n  t h e  r e l a t i v e  o r i e n t a t i o n  o f  t h e  s c a t t e r i n g  s u r f a c e  
w i l l  a l s o  a f f e c t  t h e  r e c e i v e d  s i g n a l  l e v e l .  I n  o r d e r  t o
g a i n  e x p e r i e n c e  o f  t h e  l i k e l y  v a r i a t i o n s  w h i c h  w o u l d  o c c u r
i n  a  t y p i c a l  t e r r a i n  m a p p i n g  e n v i r o n m e n t  a  f a i r l y
c o m p r e h e n s i v e  e x p e r i m e n t a l  s t u d y  w a s  p e r f o r m e d .  A n  
a u t o m a t e d  c o m p u t e r  c o n t r o l l e d  m e a s u r e m e n t  s y s t e m  h a s  b e e n  
d e v e l o p e d  t o  o b t a i n  t a r g e t  r e f l e c t i v i t y  v e r s u s  a s p e c t  a n g l e  
d a t a  f o r  a  v a r i e t y  o f  b o t h  n a t u r a l  a n d  m a n - m a d e  m a t e r i a l s .  
A  d e s c r i p t i o n  o f  t h e  m e a s u r e m e n t  s y s t e m  a n d  a  s a m p l e  o f  t h e  
r e s u l t s  o b t a i n e d  a r e  p r e s e n t e d  i n  A p p e n d i x  4 . 2 .
T h e  t e r r a i n  m a p p e r  o b t a i n s  d i g i t a l  r a n g e  i n f o r m a t i o n
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b y  m e a s u r i n g  t h e  t i m e - o f - f l i g h t  o f  t h e  2W p e a k  p o w e r  
t r a n s m i t t e d  l a s e r  p u l s e  u s i n g  a  l i n e a r  r a m p  t i m i n g  w a v e f o r m .  
A  a n a l o g u e - t o - d i g i t a l  ( A / D )  c o n v e r t o r  p r o v i d e s  a  1 0 b i t  r a n g e  
w o r d .  F o r  a  m a x i m u m  o p e r a t i n g  r a n g e  o f  5 0 m  t h e  q u a n t i s a t i o n  
l e v e l  o f  t h e  A / D  c o n v e r t o r  c o r r e s p o n d s  t o  a  r a n g e  
u n c e r t a i n t y  o f  5 c m .
T h e  t e r r a i n  m a p p e r  i s  c o n t r o l l e d  b y  a  s m a l l  d e s k t o p  
c o m p u t e r  w h i c h  i s  a l s o  u s e d  t o  s t o r e  t h e  r a n g e  d a t a .  T h i s  
d a t a  i s  t h e n  t r a n s f e r r e d  o n t o  t h e  U n i v e r s i t y ' s  m a i n  c o m p u t e r  
s y s t e m  f o r  p r o c e s s i n g  a n d  d i s p l a y .
B o t h  t r a n s m i t t e r  a n d  r e c e i v e r  a r e  s c a n n e d  i n  u n i s o n  
o v e r  a  m a x i m u m  f i e l d  o f  v i e w  o f  1 0 °  b y  1 0 °  w i t h  a n  
i n s t a n t a n e o u s  F O V  o f  8 m R .
R e s u l t s  o b t a i n e d  f r o m  t h e  t e r r a i n  m a p p e r  a r e  p r e s e n t e d  
i n  C h a p t e r  5 .  T h e s e  i n c l u d e  s o m e  r e s u l t s  o b t a i n e d  d u r i n g  
f i e l d  t r i a l s  o f  t h e  e q u i p m e n t .
W h e r e v e r  p o s s i b l e  m a t e r i a l  n o t  c r u c i a l  t o  t h e  
c o m p r e h e n s i o n  o f  t h e  t o p i c  u n d e r  d i s c u s s i o n  i s  p l a c e d  i n  t h e  
A p p e n d i x  s e c t i o n  a t  t h e  r e a r  o f  t h i s  t h e s i s .
1 . 3  C O N C L U S I O N S
T h e  m a i n  c o n c l u s i o n  t h a t  c a n  b e  d r a w n  f r o m  t h e  w o r k  
p r e s e n t e d  i n  t h i s  t h e s i s  i s  t h a t  l a s e r - b a s e d  s e n s i n g  c a n  n o w  
b e  c o n s i d e r e d  t o  b e  a  v i a b l e  a n d  p r a c t i c a l  s o l u t i o n  t o  m a n y  
r e m o t e  s e n s i n g  a p p l i c a t i o n s .  S e v e r a l  n e w  s e n s o r
a p p l i c a t i o n s  w h i c h  a r e  o n l y  m a d e  p o s s i b l e  b y  t h e  u s e  o f  
l a s e r - b a s e d  t e c h n i q u e s  h a v e  n o w  b e c o m e  f e a s i b l e ,  t h e  t e r r a i n  
m a p p e r  e q u i p m e n t  d e s c r i b e d  i n  t h i s  t h e s i s  i s  a  c a s e  i n
34
T h e  p r i n c i p a l  f e a t u r e s  o f  a c t i v e  i m a g i n g  a n d  r a n g i n g  
s y s t e m s  c a n  b e  s u m m a r i s e d  a s  f o l l o w s : -
1 )  a  h i g h  a n g u l a r  r e s o l u t i o n  i s  r e a d i l y  a c h i e v a b l e  
f r o m  a p e r t u r e s  o f  s m a l l  p h y s i c a l  s i z e  p e r m i t t i n g  t a r g e t s  t o  
b e  i d e n t i f i e d .
2 )  a n  i n h e r e n t l y  l a r g e  b a n d w i d t h  i s  a v a i l a b l e  
p e r m i t t i n g  a c c u r a t e  d e t e r m i n a t i o n  o f  a  t a r g e t s  r a n g e  a n d  
a l s o  p r o v i d i n g  g o o d  r a n g e  r e s o l u t i o n .
3 )  i m a g e  c o n t r a s t  e n h a n c e m e n t  i s  p o s s i b l e  b y
r a n g e - g a t i n g  t h e  s c e n e  b e i n g  v i e w e d .
P e r h a p s  t h e  b i g g e s t  a t t r a c t i o n  o f  l a s e r - b a s e d  r e m o t e  
s e n s i n g  s y s t e m s  i s  t h e i r  h i g h  a n g u l a r  r e s o l u t i o n .  F o r
e x a m p l e ,  a t  t h e  CO^ l a s e r  w a v e l e n g t h  o f  1 0 . 6 p m  a n d  w i t h  a n  
a p e r t u r e  o f  1 0 c m  a  d i f f r a c t i o n  l i m i t e d  b e a m w i d t h  o f  0 . 1 m R  
c a n  b e  a c h i e v e d .  O f  n e c e s s i t y  t h e  n a r r o w  s o l i d  a n g l e
c o v e r e d  b y  t h e  b e a m  p r e c l u d e s  l a s e r  r a d a r s  f r o m  m o s t  t a r g e t  
s e a r c h  a n d  a c q u i s i t i o n  r o l e s .
I n  o r d e r  t o  o b t a i n  r a n g e  i n f o r m a t i o n  t h e  l a s e r  s o u r c e  
m u s t  b e  m o d u l a t e d  i n  s o m e  w a y .  F o r  d i r e c t  d e t e c t i o n
r e c e i v e r s  a  l o w  d u t y  c y c l e ,  h i g h  p e a k - p o w e r  w a v e f o r m  m a k e s  
t h e  b e s t  u s e  o f  t h e  s q u a r e - l a w  r e s p o n s e  o f  o p t i c a l
p h o t o d e t e c t o r s .  M o r e  s o p h i s t i c a t e d  m o d u l a t i o n  t e c h n i q u e s  
m a y  b e  c o n s i d e r e d  i f  a  c o h e r e n t  d e t e c t i o n  s c h e m e  w e r e
i n c o r p o r a t e d .  N o w ,  a s  i n  t h e  r a d i o  f r e q u e n c y  r e g i o n ,  a
l i n e a r  d e t e c t i o n  p r o c e s s  o p e r a t e s  a n d  t h e  d e t e c t i o n
p o i n t .
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p e r f o r m a n c e  i s  i n d e p e n d e n t  o f  t h e  t e m p o r a l  c h a r a c t e r i s t i c s  
o f  t h e  t r a n s m i t t e d  w a v e f o r m .  M o s t  o f  t h e  m o d u l a t i o n  m e t h o d s  
e m p l o y e d  i n  t h e  r a d i o  f r e q u e n c y  r e g i o n  c a n  b e  a p p l i e d  t o  
c o h e r e n t  l a s e r  r a d a r  s y s t e m s .
T h e  p u l s e d  s e m i c o n d u c t o r  d i o d e  l a s e r  i s  a n  i d e a l  
c h o i c e  f o r  m a n y  s h o r t  r a n g e  a p p l i c a t i o n s .  I t s  p e r f o r m a n c e ,  
h o w e v e r ,  s h o u l d  b e  c a r e f u l l y  e x a m i n e d  i f  c u r r e n t  d r i v e  
p u l s e s  w i t h  d u r a t i o n s  o f  t h e  o r d e r  o f  t h e  s p o n t a n e o u s  
r e l a x a t i o n  t i m e  o f  t h e  d e v i c e  a r e  u s e d .  I n  t h i s  r e g i m e  
l a s e r  t u r n - o n  e f f e c t s  d o m i n a t e  t h e  l a s e r s  p e r f o r m a n c e .  
D e p e n d i n g  o n  t h e  c u r r e n t  p u l s e s h a p e  t h e  l a s e r s  t h r e s h o l d  
c u r r e n t  i s  f o u n d  t o  i n c r e a s e  w i t h  r e d u c i n g  p u l s e w i d t h .  T h i s  
r e s u l t s  i n  a  d e c r e a s e  i n  t h e  e x p e c t e d  o p t i c a l  o u t p u t  p o w e r .  
E x p r e s s i o n s  r e l a t i n g  t h i s  ’ e f f e c t i v e  t h r e s h o l d *  c u r r e n t  t o  
t h e  m a n u f a c t u r e r s  q u o t e d  . t h r e s h o l d  c u r r e n t  a r e  g i v e n  i n  
c h a p t e r  3 .
T h e  u s e  o f  a  b i a s  p u l s e  a p p e a r s  t o  b e  t h e  m o s t  
p r o m i s i n g  t e c h n i q u e  f o r  i n c r e a s i n g  t h e  o p t i c a l  o u t p u t  p o w e r  
w h e n  u s i n g  s h o r t  d u r a t i o n  d r i v e  p u l s e s .  T h e  o p t i c a l  p u l s e  
r i s e t i m e  i s  a n  i m p o r t a n t  p a r a m e t e r  w h e n  c o n s i d e r i n g  t h e  
t i m i n g  a c c u r a c y  w h i c h  c a n  b e  a c h i e v e d  b y  a  r a n g i n g  s y s t e m .  
T h e  o p t i c a l  f l u x  r i s e t i m e  i s  a l w a y s  c o n s i d e r a b l y  f a s t e r  t h a n  
t h e  p u m p i n g  c u r r e n t  r i s e t i m e ,  w i t h  t y p i c a l  m e a s u r e d  f l u x  
r i s e t i m e s  i n  t h e  r e g i o n  1 0 0 - 2 0 0 p s ,
A l t h o u g h  n o t  n o r m a l l y  o b s e r v e d  w h e n  v i e w e d  w i t h  a 
p h o t o d i o d e  a n d  o s c i l l o s c o p e  c o n s i d e r a b l e  f i n e  s t r u c t u r e  i s  
p r e s e n t  w i t h i n  t h e  o p t i c a l  p u l s e  a s  i s  p r e d i c t e d  f r o m  
t h e o r y ,
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T h e  l o w  d u t y  c y c l e  w h i c h  r e s u l t s  w h e n  g e n e r a t i n g  
p u l s e s  o f  t h e  o r d e r  o f  a  f e w  n a n o s e c o n d s  d u r a t i o n  a t  r a t e s  
o f  a  f e w  t h o u s a n d  p u l s e s  p e r  s e c o n d  c a n  e n a b l e  t h e  m a x i m u m  
p e a k  p o w e r  r a t i n g  ( q u o t e d  f o r  a  2 0 0 n s  d u r a t i o n  p u l s e )  t o  b e  
e x c e e d e d .  F o r  a  g i v e n  p e a k  p o w e r  t h i s  a l l o w s  a  d e v i c e  w i t h  
a  l o w e r  t h r e s h o l d  c u r r e n t ,  a n d  t h e r e f o r e  a  s m a l l e r  e m i t t i n g  
f a c e t ,  t o  b e  u s e d  w h e n  p u m p i n g  w i t h  s h o r t  d u r a t i o n  p u l s e s .  
T h i s  i n  t u r n  r e s u l t s  i n  a  b r i g h t e r  s o u r c e  a n d  a  s m a l l e r  
i l l u m i n a t e d  a r e a  a t  t h e  t a r g e t .
T e r r a i n  m a p p i n g  u s i n g  l a s e r - b a s e d  t e c h n i q u e s  h a s  b e e n  
d e m o n s t r a t e d  t o  b e  a  v i a b l e  a n d  p r a c t i c a l  p r o p o s i t i o n .  A n  
e x a m i n a t i o n  o f  t h e  f a c t o r s  g o v e r n i n g  t h e  s l o p e  m e a s u r e m e n t  
e r r o r  ( A p p e n d i x  4 . 1 )  s h o w s  t h a t  f o r  a  s c a n n e r  h e i g h t  o f  2m  a 
r a n g e  a c c u r a c y  o f  a p p r o x i m a t e l y  1 5 c m  a n d  a n  a n g l e  p o i n t i n g  
u n c e r t a i n t y  o f  2  a r c  m i n u t e s  a r e  r e q u i r e d  f o r  t e r r a i n  s l o p e  
e s t i m a t i o n s  i n  t h e  r a n g e  5 - 2 5 m .
A  p u l s e d  s e m i c o n d u c t o r  l a s e r  r a n g e f i n d e r  i s  f o u n d  t o  
b e  t h e  b e s t  m e a n s  o f  o b t a i n i n g  t h e  r a n g e  i n f o r m a t i o n .  T h e  
u s e  o f  o p t i c a l  p u l s e s  o f  o n l y  a  f e w  n a n o s e c o n d s  d u r a t i o n ,  
a l t h o u g h  r e q u i r i n g  c a r e  i n  o p t i m i z i n g  t h e  d r i v e  c u r r e n t  
p u l s e ,  a r e  f o u n d  t o  b e  m o s t  s u i t a b l e .
A  c o a x i a l  o p t i c a l  a r r a n g e m e n t  i s  g e n e r a l l y  u n s u i t a b l e  
i f  n a r r o w  f i e l d  o f  v i e w ' s  a n d  s h o r t  r a n g e  o p e r a t i o n  a r e  
s i m u l t a n e o u s l y  r e q u i r e d .  T h e  r e s u l t i n g  b l o c k a g e  o f  t h e  
r e c e i v i n g  a p e r t u r e  c a u s e s  a  c o m p l e t e  l o s s  o f  s i g n a l  t o  o c c u r  
a t  c l o s e  r a n g e s .  R e c e i v e r  d e f o c u s i n g  w h i c h  o c c u r s  a t  c l o s e  
r a n g e s  h a s  t h e  b e n e f i c i a l  e f f e c t  o f  r e d u c i n g  t h e  d y n a m i c  
r a n g e  o f  t h e  r e c e i v e d  s i g n a l .
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D e r i v i n g  t h e  t a r g e t s  r a n g e  f r o m  a l e a d i n g - e d g e  t i m i n g  
c i r c u i t  p r o v i d e s  s a t i s f a c t o r y  r a n g i n g  a c c u r a c y .  T h e  t i m i n g  
u n c e r t a i n t y  c a u s e d  b y  v a r i a t i o n s  i n  t h e  r e c e i v e d  s i g n a l  
l e v e l  i s  d e t e r m i n e d  b y  t h e  r e c e i v e r  b a n d w i d t h .  T h e  r a n g i n g  
a c c u r a c y  m a y  b e  i m p r o v e d ,  f o r  a p p l i c a t i o n s  r e q u i r i n g  a 
h i g h e r  d e g r e e  o f  a c c u r a c y ,  b y  e i t h e r  i n c r e a s i n g  t h e  r e c e i v e r  
b a n d w i d t h  o r  i n c o r p o r a t i n g  a  ' c o n s t a n t  f r a c t i o n ’ t y p e  
d i s c r i m i n a t i o n  t i m i n g  c i r c u i t .
T h e  u s e  o f  a  l a s e r  p u l s e  m o n i t o r i n g  c i r c u i t  p r o v i d e s  a 
w e l l  d e f i n e d  f a s t  r i s e t i m e  p u l s e  t o  i n i t i a t e  t h e  
t i m e - o f - f l i g h t  m e a s u r e m e n t .  T r i g g e r i n g  d i r e c t l y  f r o m  t h e  
t r a n s m i t t e d  p u l s e  r e m o v e s  a n y  e r r o r s  w h i c h  c o u l d  r e s u l t  f r o m  
t h e  v a r i a b l e  l a s e r  t u r n - o n  d e l a y s  ( c h a p t e r  3 ) .
P r e l i m i n a r y  r e s u l t s  o b t a i n e d  f r o m  t h e  t e r r a i n  m a p p i n g  
s y s t e m ,  b o t h  i n  t h e  l a b o r a t o r y  a n d  d u r i n g  f i e l d  t r i a l s  h a v e  
c l e a r l y  s h o w n  t h e  p o t e n t i a l  o f  t h e  i n s t r u m e n t .  S o  m u c h  s o  
t h a t  t h e  o r g a n i s a t i o n  s p o n s o r i n g  t h i s  w o r k  h a s  e x t e n d e d  
t h e i r  f u n d i n g  f o r  a  f u r t h e r  2  y e a r s .
CHAPTER I I
REVIEW OF DEVICES AND PROPAGATION CHARACTERISTICS
2 , 1  I N T R O D U C T I O N
T h i s  c h a p t e r  b r i e f l y  r e v i e w s  t h e  c u r r e n t l y  a v a i l a b l e  
d e v i c e s  a n d  t e c h n i q u e s  w h i c h  m a y  b e  e m p l o y e d  i n  a n  o p t i c a l  
r a d a r  s y s t e m ,  a n d  a l s o  d i s c u s s e s  a t m o s p h e r i c  e f f e c t s  
p e r t i n e n t  t o  l a s e r  r a d a r  o p e r a t i o n .
C o n s i d e r a b l e  a d v a n c e s  h a v e  b e e n  m a d e  d u r i n g  r e c e n t  
y e a r s  i n  b o t h  l a s e r  a n d  d e t e c t o r  t e c h n o l o g y .  M a n y  
i m p r o v e m e n t s  a n d  r e f i n e m e n t s  h a v e  b e e n  m a d e  a s  d e v i c e s  h a v e  
s l o w l y  e m e r g e d  f r o m  t h e  l a b o r a t o r y  e n v i r o n m e n t  i n t o  p r o d u c t s  
s u i t a b l e  f o r  u s e  i n  c o m m e r c i a l  e q u i p m e n t .  I t  i s  p r i m a r i l y  
t h e s e  d e v e l o p m e n t s  w h i c h  n o w  m a k e  l a s e r - b a s e d  r a d a r  s y s t e m s  
a  p r a c t i c a l  p r o p o s i t i o n .  A  d i s c u s s i o n  o f  t h e  c a p a b i l i t i e s  
a n d  c h a r a c t e r i s t i c s  o f  o p t i c a l  d e t e c t o r s  a n d  l a s e r  s o u r c e s ,  
t o g e t h e r  w i t h  a  r e v i e w  o f  m o d u l a t i o n  a n d  s c a n n i n g  t e c h n i q u e s  
f o r m s  t h e  f i r s t  h a l f  o f  t h i s  c h a p t e r .
W i t h  t h e  p o s s i b l e  e x c e p t i o n  o f  s a t e l l i t e  b a s e d  s y s t e m s  
c a r e f u l  c o n s i d e r a t i o n  m u s t  b e  g i v e n  t o  t h e  e f f e c t  o f  t h e  
a t m o s p h e r e  o n  t h e  o v e r a l l  s y s t e m  p e r f o r m a n c e .  T h e
a t m o s p h e r e ,  w i t h  i t s  c o n t i n u o u s l y  c h a n g i n g  c h a r a c t e r i s t i c s ,  
g o v e r n s  s e v e r a l  s y s t e m  p a r a m e t e r s .  T h e  t r a n s m i t t e r  
w a v e l e n g t h ,  f o r  e x a m p l e ,  s h o u l d  b e  c h o s e n  t o  c o i n c i d e  w i t h  a 
s p e c t r a l  r e g i o n  o f  a c c e p t a b l e  a t t e n u a t i o n  f o r  t h e  d e s i r e d  
o p e r a t i n g  r a n g e .  O t h e r  e f f e c t s  s u c h  a s  a t m o s p h e r i c
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t u r b u l e n c e ,  s i g n a l  d e p o l a r i s a t i o n  a n d  d i s p e r s i o n  m a y ,  
d e p e n d i n g  o n  t h e  t y p e  o f  s y s t e m ,  a l s o  h a v e  a  s i g n i f i c a n t  
e f f e c t  o n  p e r f o r m a n c e .
2 . 2  L A S E R  S O U R C E S
2 . 2 . 1  S o l i d  S t a t e  L a s e r s
I n  t h e i r  s i m p l e s t  f o r m  s o l i d  s t a t e  l a s e r s  c o m p r i s e  o f  
a  c r y s t a l l i n e  r o d  ( t y p i c a l l y  5 m m  i n  d i a m e t e r  b y  5 0 m m  i n  
l e n g t h )  m o u n t e d  i n  a  r e s o n a n t  c a v i t y  a n d  a n  o p t i c a l  p u m p  
s o u r c e .  T h e  a c t i v e  m e d i u m  i s  r a i s e d  t o  a  s t a t e  w h e r e u p o n  
c o h e r e n t  e m i s s i o n  c a n  o c c u r  b y  m e a n s  o f  a  f l a s h  l a m p .  T h e  
s p e c t r a l  e m i s s i o n  f r o m  t h e  l a m p  i s  s u c h  t h a t  t h e  a b s o r p t i o n  
b a n d s  o f  t h e  m e d i u m  a r e  e x c i t e d .  O w i n g  t o  i n t e r a c t i o n s  
b e t w e e n  t h e  m a n y  m o d e s  w h i c h  c a n  b e  s u p p o r t e d  b y  t h e  l a s e r  
m e d i u m  a n d  c a v i t y  t h e  t e m p o r a l  o u t p u t  o f  s u c h  a  l a s e r  w o u l d  
a p p e a r  a s  a  r a n d o m  n o i s e  l i k e  b u r s t  o f  o p t i c a l  p o w e r .  T o
c o n t r o l  t h e  t e m p o r a l  o u t p u t  o f  t h e  s o u r c e  m o r e  s o p h i s t i c a t e d
m o d u l a t i o n  m e t h o d s  a r e  r e q u i r e d ;  t h e s e  a r e  o u t l i n e d  i n  
s e c t i o n  2 . 3 .
E a r l y  s o l i d  s t a t e  l a s e r s  w e r e  b a s e d  o n  r u b y  b u t  o w i n g  
t o  t h a t  m a t e r i a l  h a v i n g  a  v e r y  l o w  c o n v e r s i o n  e f f i c i e n c y  
( t h a t  i s  e l e c t r i c a l  p u m p  p o w e r  i n p u t  t o  o p t i c a l  p o w e r  
o u t p u t ) ,  i t  b e i n g  a p p r o x i m a t e l y  0 . 0 5 % ,  N d ^ +  d o p e d  y t t r i u m  
a l u m i n i u m  g a r n e t  ( N d : Y A G ) , w h o s e  e f f i c i e n c y  i s  o f  t h e  o r d e r  
o f  2% i s  n o w  w i d e l y  u s e d .  T h e  e m i s s i o n  w a v e l e n g t h  o f  N d : Y A G  
i s  1 . 0 6 p m  w h i c h  c a n  p r e s e n t  p r o b l e m s  w i t h  e y e  s a f e t y  e v e n  a t
r a n g e s  g r e a t e r  t h a n  1 k m .  T h e  a b i l i t y  o f  l a s e r  l i g h t  t o
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i n f l i c t  d a m a g e  o n  t h e  e y e  d i m i n i s h e s  g r e a t l y  b e y o n d  a  
w a v e l e n g t h  o f  a b o u t  1 . 4 p m  a n d  c o n s e q u e n t l y  m u c h  i n t e r e s t  h a s  
b e e n  f o c u s e d  o n  E r ^ *  d o p e d  g l a s s  ( 1 . 5 4 p m )  a n d  m o r e  r e c e n t l y  
H o 3 +  d o p e d  y t t r i u m  l i t h i u m  f l o u r i d e  ( 2 . 0 6 p m )  l a s e r s .
2 . 2 . 2  G a s  L a s e r s
U n l i k e  t h e  s o l i d  s t a t e  l a s e r  t h e  g a s  l a s e r  c a n  e a s i l y  
b e  o p e r a t e d  i n  e i t h e r  p u l s e d  o r  c o n t i n u o u s  w a v e  ( c . w . )  
m o d e s .  T h e  a c t i v e  m e d i u m ,  i n  t h i s  c a s e  a  g a s e o u s  m i x t u r e ,  
i s  e x c i t e d  b y  s o m e  f o r m  o f  e l e c t r i c a l  d i s c h a r g e .  E x t r e m e l y  
h i g h  s p e c t r a l  p u r i t y  i s  p o s s i b l e  f r o m  g a s  l a s e r s  w i t h  
e m i s s i o n  l i n e w i d t h s  i n  t h e  k i l o h e r t z  r e g i o n  o r  l o w e r  b e i n g  
a c h i e v a b l e .  T h e  g o o d  s p e c t r a l  q u a l i t y  o f  g a s  l a s e r s  m a k e s  
t h e  u s e  o f  h e t e r o d y n e  d e t e c t i o n  s c h e m e s  p o s s i b l e .
T h e  c a r b o n  d i o x i d e  l a s e r  [ D u l e y  1 9 7 6 ]  h a s  a n  e m i s s i o n  
w a v e l e n g t h  o f  1 0 . 6 p m  ( P ( 2 0 )  t r a n s i t i o n  ) a n d  c a n  b e
o p e r a t e d  i n  e i t h e r  p u l s e d  o r  c . w .  m o d e s .  I n  o r d e r  t o  
a c h i e v e  h i g h  o u t p u t  p u l s e  p o w e r  i t  i s  n e c e s s a r y  t o  o p e r a t e  
w i t h  t h e  g a s  m i x t u r e  a t  h i g h  p r e s s u r e .  D i s c h a r g e s  t h r o u g h  
g a s e s  a t  h i g h  p r e s s u r e  c a n  l e a d  t o  l o c a l i s e d  b r e a k d o w n  a n d  
a r c i n g  a n d  t h i s  p r o v e d  t o  b e  a  p r o b l e m  w i t h  e a r l y  C O ^  
l a s e r s .  B e a u l i e u  [ 1 9 7 0 ]  p r o p o s e d  a  c o n f i g u r a t i o n  c o m p r i s i n g  
o f  a  s e r i e s  o f  p i n  e l e c t r o d e s  ( a n o d e / c a t h o d e )  a n d  a  s i n g l e  
f l a t  e l e c t r o d e  w h i c h  w e r e  t r a n s v e r s e l y  e x c i t e d .  T h i s  
a r r a n g e m e n t  i s  c o m m o n l y  r e f e r r e d  t o  a s  t h e  T E A  ( T r a n s v e r s e l y  
E x c i t e d  A t m o s p h e r i c )  C O ^  l a s e r .
M o d i f i c a t i o n s  t o  t h i s  b a s i c  d e s i g n  h a v e  s i n c e  
o c c u r r e d ,  n o t a b l y  t h e  a d d i t i o n  o f  a  p a i r  o f  t h i n  ’ t r i g g e r
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w i r e s 1 b e t w e e n  t h e  m a i n  e l e c t r o d e s  w h i c h  a r e  n o w  p r e c i s e l y  
s h a p e d  t o  g i v e  a n  e x t r e m e l y  u n i f o r m  d i s c h a r g e  a l o n g  t h e  
c o m p l e t e  c a v i t y  l e n g t h .  T h e  g a s  m i x t u r e  i s  t y p i c a l l y  f o r m e d  
f r o m  t h e  f o l l o w i n g  c o n s t i t u e n t s  C 0 2 : N 2 : H e ,  w i t h  t h e  
a p p r o x i m a t e  r a t i o s  o f  t h e  c o n s t i t u e n t s  b e i n g  0 . 8 : 1 : 7  [ D u l e y  
1 9 7 6 - C h a p t e r 2 3 .  A  p o p u l a t i o n  i n v e r s i o n  i s  c r e a t e d  b y  
f i r s t l y  p r e - i o n i z i n g  t h e  g a s  w i t h  a  s m a l l  d i s c h a r g e  b e t w e e n  
t h e  t r i g g e r  w i r e s  a n d  t h e  c a t h o d e  a n d  t h e n  c o n n e c t i n g  t h e  
m a i n  s t o r a g e  c a p a c i t o r  ( 2 5 k V ,  2 . 5 J )  a c r o s s  t h e  e l e c t r o d e s .  
T h e  r e s u l t i n g  c h a r a c t e r i s t i c  T E A  C 0 2  l a s e r  p u l s e  c o m p r i s e s  
o f  a  h i g h  i n t e n s i t y  ( 2 5 0 k W  f r o m  a  2 5 0 m m  l a s e r  c a v i t y )  s h o r t  
d u r a t i o n  ( 6 0 n s )  p u l s e  f o l l o w e d  b y  a  l o w  i n t e n s i t y  t a i l  
l a s t i n g  s o m e  m i c r o s e c o n d s  [ M a n e s  1 9 7 2 3 .  S u c h  l a s e r s  a r e  
c o m m e r c i a l l y  a v a i l a b l e  w i t h  s e a l e d  o f f  t u b e s  y i e l d i n g  i n  
e x c e s s  o f  1 m i l l i o n  s h o t s  a t  p u l s e  r e p e t i t i o n  r a t e s  o f  2 p p s .
T h e  h i g h  e f f i c i e n c y  o f  t h e  C 0 2  l a s e r  e n a b l e s  c . w .  
p o w e r s  i n t o  t h e  m u l t i - k i l o w a t t  r e g i o n  t o  b e  g e n e r a t e d .
A l t h o u g h  e f f i c i e n c i e s  c a n  b e  a s  h i g h  a s  30 % a t  l o w  p o w e r
l e v e l s ,  v a l u e s  o f  10 % a r e  m o r e  c o m m o n  w h e n  o p e r a t i n g  t h e  
l a s e r  a t  r a t e d  p o w e r  [ R o b e r t s  1 9 6 7 3 .  T y p i c a l  c . w .  p o w e r  
l e v e l s  u s e d  f o r  a c t i v e  i m a g i n g  a n d  r a n g e f i n d i n g  a p p l i c a t i o n s  
a r e  i n  t h e  r e g i o n  o f  a  f e w  w a t t s ,  w h i c h  c a n  b e  c o n v e n i e n t l y  
o b t a i n e d  f r o m  t h e  r e c e n t l y  d e v e l o p e d  w a v e g u i d e  C C ^  l a s e r
[ B r i d g e s  1 9 7 2 ] ,  T h e s e  p h y s i c a l l y  c o m p a c t  l a s e r s  h a v e  a 
n a r r o w  c a v i t y  c r o s s - s e c t i o n  ( t y p i c a l l y  1mm2 ) a n d  o p e r a t e  
n e a r  a t m o s p h e r i c  p r e s s u r e  w i t h  l o w  d . c  v o l t a g e  ( 1 0 0 v )  o r  
r a d i o  f r e q u e n c y  d i s c h a r g e s .  S e a l e d  o f f  o p e r a t i o n  o f  s e v e r a l  
t h o u s a n d  h o u r s  i s  o b t a i n a b l e  f r o m  c o m m e r c i a l l y  a v a i l a b l e
T h e  h e l i u m  n e o n  c . w .  l a s e r  [ W h i t e  1 9 6 2 ]  o p e r a t e s  i n  
t h e  r e d  r e g i o n  o f  t h e  v i s i b l e  s p e c t r u m  a t  a  w a v e l e n g t h  o f  
6 3 2 . 8 n m .  T y p i c a l l y  o u t p u t  p o w e r s  o f  0 . 5 m W  t o  2 5 m W  c a n  b e  
o b t a i n e d  f r o m  r e a s o n a b l y  c o m p a c t  t u b e s  u s i n g  h i g h  v o l t a g e  
d i r e c t  c u r r e n t  e x c i t a t i o n  o f  t h e  g a s  m i x t u r e .  T h e  u s e  o f  
h e l i u m  n e o n  l a s e r s  f o r  r a n g i n g  i s  l i m i t e d  t o  a p p l i c a t i o n s  
w h e r e  a  l a r g e  r e c e i v e d  s i g n a l  c a n  b e  o b t a i n e d ,  a s  f o r  
e x a m p l e  o c c u r s  w h e n  r e t r o r e f l e c t i v e  t a r g e t s  a r e  u s e d .
O t h e r  p r i n c i p a l  t y p e s  o f  g a s  l a s e r s  i n c l u d e ; -  r a r e  g a s  
i o n  l a s e r s  -  a r g o n ( 0 . 3 - 0 . 5 p m ) , k r y p t o n ( 0 . 3 - 0 . 8 p m ) , m e t a l  
v a p o u r  l a s e r s  -  h e l i u m  c a d m i u m C 0 , 3 p m ) , p u l s e d  n i t r o g e n  
( 0 . 3 p m )  a n d  e x c i m e r ,  s u c h  a s  x e n o n  f l u o r i d e  ( 0 . 3 p m ) ,  a n d  t h e  
i n f r a r e d  H F / D F  ( 2 . 6 - 4 p m )  a n d  c a r b o n  m o n o x i d e  ( 5 p m )  l a s e r s .  
A l t h o u g h  e m p l o y e d  i n  s o m e  a t m o s p h e r i c  m o n i t o r i n g  s y s t e m s  
t h e s e  l a s e r s ,  f o r  v a r i o u s  r e a s o n s ,  a r e  n o t  g e n e r a l l y  
s u i t a b l e  f o r  l a s e r  r a d a r  a p p l i c a t i o n s .
2 . 2 . 3  D y e  L a s e r s
A u n i q u e  f e a t u r e  o f  d y e  l a s e r s  [ S c h a f e r  1 9 7 9 1  i s  t h e i r  
a b i l i t y  t o  p r o d u c e  a  c o n t i n u o u s l y  t u n a b l e  o u t p u t  w a v e l e n g t h
o f  2 - 3  o c t a v e s .  T h e  l a s e r  c o m p r i s e s  o f  a n  o r g a n i c  d y e  i n
s o l u t i o n  w h i c h  i s  o p t i c a l l y  p u m p e d ,  u s u a l l y  b y  a n  i o n  o r  
N d : Y A G  l a s e r .  T h e  w a v e l e n g t h  r a n g e  i s  d e p e n d e n t  o n  t h e  d y e  
u s e d ,  w i t h  o p e r a t i o n  l i m i t e d  t o  t h e  v i s i b l e  a n d  n e a r
i n f r a r e d  r e g i o n .  B o t h  c . w .  ( 1 w a t t  t y p i c a l )  a n d  p u l s e d
( g r e a t e r  t h a n  1 M W , 5 n s  p u l s e w i d t h ,  2 0 0 p p s )  l a s e r s  a r e  
a v a i l a b l e  .
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l a s e r s  w he reu po n  t h e  g a s  m i x t u r e  can  be r e p l e n i s h e d .
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P h y s i c a l l y  t h e  l a s e r s  a r e  v e r y  b u l k y ,  r e q u i r i n g  
s o p h i s t i c a t e d  c o n t r o l  s y s t e m s ,  a n d  w i t h  o p e r a t i o n  l i m i t e d  t o  
t h e  v i s i b l e / n e a r  i n f r a r e d  d y e  l a s e r s  h a v e  n o t ,  a p a r t  f r o m  
s p e c i a l i s e d  a t m o s h p e r i c  m o n i t o r i n g ,  b e e n  u s e d  i n  l a s e r  r a d a r  
s y s t e m s .
2 . 2 . 4  S e m i c o n d u c t o r  L a s e r s
S e m i c o n d u c t o r  d i o d e  l a s e r s  [ T h o m p s o n  1 9 8 0 3  c o m p r i s e  o f  
a  r e c t a n g u l a r  c r o s s - s e c t i o n  p . n .  s t r i p e  j u n c t i o n  ( s e e  
F i g . 2 . 1 )  w i t h  c l e a v e d  a n d  p o l i s h e d  e n d s  t o  f o r m  a  
F a b r y - P e r o t  c a v i t y .  C u r r e n t  i s  i n j e c t e d  p e r p e n d i c u l a r  t o  
t h e  j u n c t i o n  t o  c r e a t e  a p o p u l a t i o n  i n v e r s i o n .  I n v e r s i o n  
o n l y  o c c u r s  o n c e  a  c e r t a i n  t h r e s h o l d  c u r r e n t  d e n s i t y  h a s  
b e e n  r e a c h e d .  F o r  a  g i v e n  d e v i c e  g e o m e t r y  t h i s  c a n  b e  
r e l a t e d  t o  a  s p e c i f i c  i n j e c t i o n  c u r r e n t .  B e l o w  t h r e s h o l d  
t h e  d e v i c e  b e h a v e s  l i k e  a  l o w  i n t e n s i t y  i n c o h e r e n t  s o u r c e ,  
a b o v e  t h r e s h o l d  t h e  o u t p u t  f l u x  i s  a  l i n e a r  f u n c t i o n  o f  
d r i v e  c u r r e n t  a s  i l l u s t r a t e d  i n  F i g . 2 . 2 .
T h e  e m i t t i n g  a r e a  o f  t h e  l a s e r  i s  a  n a r r o w  s t r i p e ,  
t y p i c a l l y  2 p m  b y  4 0 0 p m  f o r  a  1 0W p e a k  p o w e r  l a s e r .  
D i f f e r e n t  m a x i m u m  p o w e r  l e v e l s  c a n  b e  o b t a i n e d  b y  v a r y i n g  
t h e  m a j o r  d i m e n s i o n  o f  t h e  e m i t t i n g  f a c e t .  I t  s h o u l d  b e  
n o t e d  t h a t  i n c r e a s e d  o u t p u t  p o w e r  i s  o n l y  o b t a i n e d  b y  a 
c o r r e s p o n d i n g  i n c r e a s e  i n  s o u r c e  s i z e ,  t h e  b r i g h t n e s s  o f  t h e  
s o u r c e  r e m a i n s  u n c h a n g e d .  T h e  o u t p u t  b e a m  d i v e r g e n c e  a n g l e  
i s  t y p i c a l l y  1 0 °  p a r a l l e l  t o  t h e  j u n c t i o n ,  a n d  5 °  
p e r p e n d i c u l a r  t o  t h e  j u n c t i o n ,  t h u s  f a s t  o p t i c s  ( f / 1 . 5 )  a r e  
r e q u i r e d  t o  c o l l e c t  a l l  t h e  l a s e r  o u t p u t .
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T h e  e m i t t i n g  w a v e l e n g t h  d e p e n d s  o n  t h e  b a n d g a p  o f  t h e  
s e m i c o n d u c t i n g  m a t e r i a l .  F o r  p u l s e d  l a s e r s  g a l l i u m  a r s e n i d e  
( G a A s )  i s  u s e d  i n  a  s i n g l e  h e t e r o j u n c t i o n  c o n f i g u r a t i o n  
g i v i n g  a n  o u t p u t  w a v e l e n g t h  o f  a r o u n d  9 0 0 n m .  T y p i c a l  
o p t i c a l  f l u x  r i s e  t i m e s  a r e  i n  t h e  s u b - n a n o s e c o n d  r e g i o n  
w i t h  p e a k  p o w e r s  u p  t o  2 5 W  o b t a i n a b l e  f r o m  a  s i n g l e  d i o d e .  
R e p e t i t i o n  r a t e s  c o m m e n s u r a t e  w i t h  a  0 . 1 %  d u t y  c y c l e  c a n  b e  
a c h i e v e d .  U n l i k e  o t h e r  l a s e r  s o u r c e s  i n j e c t i o n  l a s e r s  
p r o d u c e  a  v e r y  w i d e  e m i s s i o n  s p e c t r u m ,  o f  t y p i c a l l y  5 - 1 O n m .
I n c r e a s e d  o u t p u t  p o w e r ,  w i t h  n o  i n c r e a s e  i n  i n p u t  
d r i v e  c u r r e n t ,  c a n  b e  o b t a i n e d  f r o m  s t a c k e d  a r r a y s  w h e r e  
s e v e r a l  d i o d e  c h i p s  a r e  m o u n t e d  o n e  a b o v e  t h e  o t h e r .  T h i s  
a r r a n g e m e n t  a l s o  h a s  t h e  a d v a n t a g e  t h a t  a  m o r e  s y m m e t r i c a l l y  
s h a p e d  s o u r c e  i s  p r o d u c e d .  P o w e r  l e v e l s  o f  u p  t o  o n e  
k i l o w a t t  ( p e a k ) ,  w i t h  d r i v e  c u r r e n t s  o f  4 0 A  a r e  c o m m e r c i a l l y  
a v a i l a b l e .
D o u b l e  h e t e r o j u n c t i o n  g a l l i u m  a l u m i n i u m  a r s e n i d e  
( G a A l A s )  l a s e r  d i o d e s ,  w h i c h  a r e  u s e d  i n  t h e  c . w .  m o d e  o f  
o p e r a t i o n ,  h a v e  a  p e a k  e m i s s i o n  w a v e l e n g t h  o f  a b o u t  8 2 0 n m .  
T h e  e m i s s i o n  w a v e l e n g t h  o f  t h e s e  d e v i c e s  c a n  b e  v a r i e d  b y  
c h a n g i n g  t h e  r e l a t i v e  a m o u n t s  o f  g a l l i u m  a n d  a l u m i n i u m .  
P o w e r  l e v e l s  a r e  i n  t h e  r e g i o n  o f  s e v e r a l  m i l l i w a t t s  a t  b i a s  
c u r r e n t s  o f  t y p i c a l l y  1 0 0 m A .
R e c e n t l y ,  o w i n g  t o  i n t e r e s t  i n  f i b r e  o p t i c  
t r a n s m i s s i o n  a t  1 . 3  a n d  1 . 5 5 ; j m ,  c . w .  d i o d e s  b a s e d  o n  i n d i u m  
g a l l i u m  a r s e n i d e  p h o s p h i d e  o p e r a t i n g  a t  t h e s e  w a v e l e n g t h s  
h a v e  b e c o m e  a v a i l a b l e  [ B e r g h  1 9 8 0 3 .
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B a s i c a l l y  a  l a s e r  b e a m  c a n  b e  m o d u l a t e d  i n  t w o  w a y s ,  
b y  d i r e c t l y  a f f e c t i n g  t h e  l i g h t  g e n e r a t i o n  w i t h i n  t h e  l a s e r  
i t s e l f  ( i n t e r n a l  m o d u l a t i o n )  o r  a l t e r n a t i v e l y  b y  s o m e
m o d u l a t i n g  d e v i c e  o u t s i d e  t h e  l a s e r  c a v i t y  ( e x t e r n a l
m o d u l a t i o n ) .  F u r t h e r ,  o p t i c a l  m o d u l a t i o n  m e t h o d s  c a n  b e  
b r o k e n  d o w n  i n t o  f o u r  g e n e r a l  c a t e g o r i e s : -
1 E l e c t r o - o p t i c
2  A c o u s t o - o p t i c
3  D i r e c t  m o d u l a t i o n  o f  l a s e r  p o w e r  s u p p l y
4  O p t i c a l  a b s o r p t i o n
2 . 3 . 1  E l e c t r o - o p t i c  M o d u l a t i o n
C e r t a i n  c r y s t a l s  w h e n  s u b j e c t e d  t o  a n  e l e c t r i c  f i e l d  
e x h i b i t  a  c h a n g e  i n  b i r e f r i n g e n c e .  T h i s  i s  k n o w n  a s  t h e  
P o c k e l s  e f f e c t .  T h e  P o c k e l s  e f f e c t  g i v e s  r i s e  t o  a  p h a s e
r e t a r d a t i o n  o f  a  p l a n e  p o l a r i s e d  w a v e  a s  i t  p r o p a g a t e s  
t h r o u g h  t h e  c r y s t a l .  T h e  d e g r e e  o f  r e t a r d a t i o n  i s  d e p e n d e n t  
o n  t h e  m o d u l a t i n g  f i e l d  a n d  t h e  g e o m e t r y  o f  t h e  m o d u l a t o r .
E l e c t r o - o p t i c  m o d u l a t o r s  u s e  t h i s  p r i n c i p l e  t o  v a r y
t h e  p o l a r i s a t i o n  o f  a  b e a m ;  t o  a c h i e v e  i n t e n s i t y  m o d u l a t i o n  
a p o l a r i s e r  i s  r e q u i r e d  a t  t h e  o u t p u t  o f  t h e  d e v i c e ,  
F i g . 2 . 3 .  W h e n  t h e  m o d u l a t o r  i s  m o u n t e d  i n s i d e  t h e  l a s e r
c a v i t y  f r e q u e n c y  m o d u l a t i o n  c a n  b e  a c h i e v e d ,  s i n c e  t h e
e f f e c t i v e  o p t i c a l  p a t h  l e n g t h  c a n  t h e n  b e  m a d e  t o  v a r y  i n
p r o p o r t i o n  t o  t h e  m a g n i t u d e  o f  t h e  m o d u l a t i n g  s i g n a l .
T w o  o t h e r  i n t r a c a v i t y  f o r m s  o f  m o d u l a t i o n  w h i c h  e m p l o y
2 . 3  LASER MODULATION
e l e c t r o - o p t i c  d e v i c e s  a r e  Q - s w i t c h i n g  a n d  m o d e  l o c k i n g .  
W h e n  t h e  g a i n  o f  t h e  l a s e r  c a v i t y  i s  r e d u c e d  b e l o w  t h a t  
r e q u i r e d  f o r  l a s i n g  a  l a r g e  p o p u l a t i o n  i n v e r s i o n  c a n  b e  
b u i l t  u p .  I f  t h e n ,  b y  s o m e  s u i t a b l e  m e a n s ,  t h e  g a i n  i s  
i n c r e a s e d  s o  a s  t o  e n a b l e  l a s e r  a c t i o n  t o  o c c u r  t h e  s t o r e d  
e n e r g y  c a n  b e  r e l e a s e d  i n  o n e  s h o r t  i n t e n s e  p u l s e .  T h i s  
t e c h n i q u e  i s  c a l l e d  Q - s w i t c h i n g .  I n  p r a c t i c e  t h i s  i s  
a c h i e v e d  b y  u s i n g  a n  e l e c t r o - o p t i c  m o d u l a t o r  t o  ’ s p o i l ’ t h e  
c a v i t y  Q b y  r o t a t i n g  t h e  p l a n e  o f  p o l a r i s a t i o n  a w a y  f r o m  t h e  
p r e f e r r e d  o r i e n t a t i o n  f o r  l a s e r  a c t i o n  t o  t o  o c c u r .  M o d e  
l o c k i n g  o c c u r s  w h e n  t h e  c a v i t y  g a i n  i s  m o d u l a t e d  a t  a  r a t e  
e q u a l  t o  t h e  l o n g i t u d i n a l  m o d e  s p a c i n g .  T h i s  r e s u l t s  i n  
v e r y  s h o r t ,  t y p i c a l l y  s u b - n a n o s e c o n d ,  p u l s e s  o f  h i g h  
i n t e n s i t y  b e i n g  g e n e r a t e d  a t  r e p e t i t i o n  r a t e s  e q u a l  t o  t h e  
f r e q u e n c y  s e p a r a t i o n  o f  a d j a c e n t  l o n g i t u d i n a l  m o d e s  
( c / 2 . 1 ) ,  w h e r e  1 i s  t h e  c a v i t y  l e n g t h .
B a n d w i d t h s  o f  u p  t o  2 G H z  [ I z u t s u  1 9 7 8 ]  h a v e  b e e n  
r e p o r t e d  w i t h  w a v e g u i d e  l i k e  s t u c t u r e s  u s i n g  L i N b O ^  i n  t h e  
v i s i b l e / n e a r  i n f r a r e d  r e g i o n .  A t  t h e  C 0 2  l a s e r  w a v e l e n g t h  
o f  1 0 . 6 p m  d e v i c e s  w i t h  b a n d w i d t h s  o f  1 G H z  h a v e  b e e n  a c h i e v e d  
b y  u l t i l i z i n g  e i t h e r  c a d m i u m  t e l l u r i d e  o r  g a l l i u m  a r s e n i d e  
a s  t h e  a c t i v e  m e d i u m  [ H u a n g  1 9 7 2 ] ,
2 . 3 . 2  A c o u s t o - o p t i c  M o d u l a t i o n
T h e  r e f r a c t i v e  i n d e x  o f  s o m e  c r y s t a l s  c a n  b e  c h a n g e d  
b y  t h e  a p p l i c a t i o n  o f  m e c h a n i c a l  s t r a i n .  A  c o n v e n i e n t  m e a n s  
o f  i n d u c i n g  s t r a i n  i s  t o  p r o p a g a t e  a n  u l t r a s o n i c  w a v e  
t h r o u g h  t h e  c r y s t a l .  W h e n  a n  o p t i c a l  b e a m  c r o s s e s  t h e
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a c o u s t i c  b e a m  i t  i s  d i f f r a c t e d  a c c o r d i n g  t o  t h e  l o c a l  
v a r i a t i o n s  i n  r e f r a c t i v e  i n d e x .  A  z e r o  o r d e r  d i f f r a c t e d  
b e a m  o f  o p t i c a l  f r e q u e n c y  e q u a l  t o  t h a t  o f  t h e  i n c i d e n t  b e a m  
e m e r g e s  u n d e f l e c t e d  w h e r e a s  h i g h e r  o r d e r  b e a m s  s u f f e r  
d e f l e c t i o n  a n d  a l s o  a  f r e q u e n c y  s h i f t  o f  + / ~ ( n . f m ) ,  w h e r e  n  
i s  t h e  d i f f r a c t i o n  o r d e r  a n d  f  t h e  m o d u l a t i n g  s o u r c e  
f r e q u e n c y .
W h e n  t h e  o p t i c a l  b e a m  i s  i n c i d e n t  a t  t h e  B r a g g  a n g l e  
( w h i c h  i s  t y p i c a l l y  l e s s  t h a n  1 0 ° )  t h e n  t h e  l i g h t  i s  
s c a t t e r e d  i n t o  o n l y  o n e  d i f f r a c t i o n  o r d e r .  T h e  m a g n i t u d e  o f  
t h e  a c o u s t i c  d r i v e  s i g n a l  d e t e r m i n e s  t h e  r e l a t i v e  m a g n i t u d e s  
o f  t h e  d e f l e c t e d  a n d  u n d e f l e c t e d  b e a m s .  H e n c e  e i t h e r  o u t p u t  
b e a m  c a n  b e  u s e d  d e p e n d i n g  o n  w h e t h e r  a n  i n - p h a s e  o r  
i n v e r t e d  a m p l i t u d e  m o d u l a t e d  b e a m  i s  r e q u i r e d .  A  b a s i c  
a c o u s t o - o p t i c  m o d u l a t o r  i s  s h o w n  i n  F i g . 2 . 4 .
2 . 3 . 3  D i r e c t  M o d u l a t i o n  o f  L a s e r  P o w e r  S u p p l y
D i r e c t  v a r i a t i o n  o f  t h e  l a s e r  p o w e r  s o u r c e  c a n  b e  u s e d  
t o  a m p l i t u d e  m o d u l a t e  t h e  l a s e r  o u t p u t .
T h e  o p t i c a l  o u t p u t  o f  a  s e m i c o n d u c t o r  d i o d e  l a s e r  c a n  
b e  m o d u l a t e d  b y  d i r e c t  v a r i a t i o n  o f  t h e  p u m p i n g  s u p p l y .  
B o t h  c . w .  a n d  p u l s e  m o d u l a t i o n  c a n  b e  e a s i l y  a c h i e v e d  
[ P a o l i  1 9 7 0 ] .
G a s  l a s e r s  c a n  a l s o  b e  a m p l i t u d e  m o d u l a t e d  v i a  t h e i r  
p o w e r  s u p p l y  [ S c h i e l  1 9 6 3 ,  L a a k m a n n ] ,  a l t h o u g h  o n l y  a t  
r e l a t i v e l y  l o w  ( l e s s  t h a n  2 0 K H z )  f r e q u e n c i e s .
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P O L A R I S A T I O N
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I N P U T  BEAM
O U T P U T
P O L A R I S E R
J
O / /  
A.  M. 
O U T P U T
P O L A R I S A T I O N  
P E R P E N D I C U L A R  
TO  I N P U T
Q U A R T E R - W A V E  P L A T E  -  t o  b i a e  
m o d u l a t o r  t o  5 0 %  t r a n e m i e & i o n  
w i t h  Vm*=0
F i g . 2 .3  E l e c t r o - o p t i c  m o d u la t io n
F i g . 2 . 4  A c o u s to -o p t ic  m o d u la t io n
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2 . 3 . 4  M o d u l a t i o n  b y  A b s o r p t i o n
T h e  o p t i c a l  t r a n s m i s s i o n  o f  s o m e  s e m i c o n d u c t o r  
c r y s t a l s  n o t a b l y  g e r m a n i u m  a n d  c a d m i u m  s e l e n i d e  [ W i l l i a m s  
1 9 6 0 ]  c a n  b e  v a r i e d  b y  t h e  a p p l i c a t i o n  o f  a  s t r o n g  e l e c t r i c  
f i e l d .  G e n e r a t i o n  o f  t h e  h i g h  f i e l d s  r e q u i r e d  i s  m o s t  
e a s i l y  a c h i e v e d  b y  r e v e r s e  b i a s i n g  a  p - n  j u n c t i o n  [ R a c e t t e ] ,
D e  C r e m o u x  [ 1 9 6 9 3  d e s c r i b e s  a m o d u l a t o r  f o r  a  C 0 2  
l a s e r  b a s e d  o n  f r e e - c a r r i e r  a b s o r p t i o n  i n  g e r m a n i u m .  T h e  
n e c e s s i t y  t o  f o c u s  t h e  l a s e r  b e a m  t o  a  s p o t  s i z e  o f  l e s s  
t h a n  1 0 0 p m  r e s t r i c t s  t h e  l a s e r  p o w e r  t o  1W ,  o w i n g  t o  p o w e r  
d i s s i p a t i o n  l i m i t a t i o n s .  B a n d w i d t h s  i n t o  t h e  m e g a h e r t z  
r e g i o n  w e r e  a t t a i n e d  w i t h  a  m o d u l a t i o n  p o w e r  o f  1 W .
2 . 4  L A S E R  B E A M  S C A N N E R S
T h e  p o i n t i n g  r e q u i r e m e n t s  f o r  l a s e r  r a d a r s  a r e  m u c h  
m o r e  s t r i n g e n t  t h a n  f o r  c o n v e n t i o n a l  r a d a r s  o w i n g  t o  t h e  
c o n s i d e r a b l y  n a r r o w e r  b e a m w i d t h s  w h i c h  a r e  e m p l o y e d .  T h e s e  
n a r r o w  b e a m w i d t h s  g e n e r a l l y  p r e c l u d e  l a s e r  r a d a r s  f r o m  
o p e r a t i n g  i n  a  t a r g e t  s e a r c h  m o d e .  R a t h e r ,  a s  o u t l i n e d  
p r e v i o u s l y ,  t h e i r  r o l e  i s  b e s t  s u i t e d  t o  a p p l i c a t i o n s  
r e q u i r i n g  h i g h  r e s o l u t i o n  c o v e r a g e  o v e r  a  l i m i t e d  f i e l d  o f  
v i e w .  S c a n n i n g  i n  t h i s  m o d e  c a n  b e  a c h i e v e d  w i t h  m e c h a n i c a l  
o r  s o l i d  s t a t e  s c a n n e r s ,  o r  a  c o m b i n a t i o n  o f  t h e  t w o .
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T h e  p e r f o r m a n c e  o f  o p t i c a l  s c a n n e r s  i s  u s u a l l y  
e x p r e s s e d  i n  t e r m s  o f  t h e  n u m b e r  o f  r e s o l v a b l e  s p o t s  o r  b e a m  
p o s i t i o n s  w h i c h  c a n  b e  a c h i e v e d .  T h e  t o t a l  a n g u l a r  e x t e n t  
c a n ,  o f  c o u r s e ,  b e  e x p a n d e d  o r  c o n t r a c t e d  b y  u s e  o f  s u i t a b l e  
o p t i c s .  T h e  r e s o l u t i o n  o f  a  m i r r o r  s c a n n e r  c a n  b e  e x p r e s s e d  
a s  [ F o w l e r  1 9 6 6 ]  :
2 . 4 . 1  M e c h a n i c a l  S c a n n e r s
m a x
w h e r e :
0 r 
D
e
0  D m a x
e  X
( 2 . 1 )
m a x .  s c a n  a n g l e  
s c a n n e r  a p e r t u r e
1 f o r  a  r e c t a n g u l a r  b e a m  o f  u n i f o r m  i n t e n s i t y  
1 . 2 2  f o r  a  c i r c u l a r  ,f » "  11
1 . 2 7  f o r  a  G a u s s i a n  b e a m
F o r  g a l v a n o m e t e r  s c a n n e r s  t h e  m i r r o r  c a n  b e  d e f l e c t e d  
t o  a c c e s s  r a n d o m l y  a n y  o f  t h e  r e s o l u t i o n  c e l l s  w i t h i n  i t s  
a n g u l a r  r a n g e ,  t h e  r e s u l t i n g  b e a m  d e v i a t i o n  b e i n g  t w i c e  t h e  
a n g u l a r  e x c u r s i o n  o f  t h e  m i r r o r .  T h e  t i m e  r e q u i r e d  t o  
a c c e s s  a  g i v e n  d e f l e c t i o n  a n g l e  i s  [ Z o o k  1 9 7 4 ]
1
w h e r e  f Q i s  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  g a l v a n o m e t e r
T h e  a c c e s s  t i m e  c a n  o n l y  b e  i n c r e a s e d  a t  t h e  e x p e n s e
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o f  r e s o l u t i o n ,  s i n c e  f a s t  r e s p o n s e  r e q u i r e s  s m a l l  m i r r o r s  
a n d  h e n c e  l o w e r  r e s o l u t i o n ,  w i t h  t y p i c a l l y  s u b - m i l l i s e c o n d  
a c c e s s  t i m e s  b e i n g  a c h i e v e d  w i t h  1 0 0 0  s p o t  r e s o l u t i o n .  Z o o k  
[ 1 9 7 4 ]  g i v e s  a  d e t a i l e d  a c c o u n t  o f  t h e  d e s i g n  p h i l o s o p h y  o f  
h i g h  s p e e d  g a l v a n o m e t e r  d e f l e c t o r s .
P l a n e  m i r r o r  s c a n n e r s  m a y  b e  u s e d  t o  p r o d u c e  a  
c o n t i n u o u s  s c a n  b u t  a r e  u n s u i t a b l e  f o r  h i g h  s p e e d  o p e r a t i o n .  
F o r  h i g h  s p e e d  l i n e  s c a n n i n g  t h e  c o n t i n u o u s l y  r o t a t i n g  
m u l t i f a c e t e d  d r u m  m i r r o r  c a n  b e  e m p l o y e d  [ L l o y d  1 9 7 5 ] .  
S c a n n i n g  s p e e d s  a r e  l i m i t e d  b y  p h y s i c a l  d i s t o r t i o n  o f  t h e  
m i r r o r  f a c e t s  d u e  t o  t h e  l a r g e  c e n t r i f u g a l  f o r c e s ,  a n d  
u l t i m a t e l y  b y  t h e  b u r s t i n g  s p e e d  o f  t h e  m i r r o r .  B y  v a r y i n g  
t h e  a n g l e  e a c h  m i r r o r  f a c e t  m a k e s  w i t h  t h e  a x i s  o f  t h e  
r o t a t i o n  a n  i n t e r l a c e d  h i g h  s p e e d  s c a n  c a n  b e  p r o d u c e d .
B e a m  s c a n n i n g  c a n  a l s o  b e  a c h i e v e d  . b y  m o u n t i n g  t h e  
m i r r o r  o n  a  p i e z o e l e c t r i c  a c t u a t o r .  I n  s u c h  d e v i c e s  a  s h e a r  
s t r a i n  i s  p r o d u c e d  w h e n  a v o l t a g e  i s  a p p l i e d  t o  a 
p e i z o e l e c t r i c  c r y s t a l .  T h i s  c a u s e s  t h e  m i r r o r  t o  t i l t  b y  a n  
a m o u n t  p r o p o r t i o n a l  t o  t h e  d r i v e  s i g n a l  a m p l i t u d e .  A s  t h e  
r e s u l t i n g  t i l t  a n g l e  i s  i n h e r e n t l y  s m a l l  m u l t i p l e  
r e f l e c t i o n s  b e t w e e n  a  n u m b e r  o f  m i r r o r  s u r f a c e s  m a y  b e  
n e c e s s a r y  t o  i n c r e a s e  t h e  s c a n  a n g l e .
H e n s h a w  e t . a l .  [ 1 9 8 0 ]  d e s c r i b e  a  p r e l i m i n a r y  s t u d y  o f  
a  d i s c r e t e  p o s t i o n  b e a m  s w i t c h  f o r  a  1 0 . 6 p m  l a s e r  r a d a r .  
T h e i r  s w i t c h  w a s  m a d e  o f  t w o  s l i g h t l y  n o n - p a r a l l e l  
F a b r y - P e r o t  c a v i t i e s  i n  c a s c a d e  s e p a r a t e d  b y  a  s m a l l  g a p .  
V a r i a t i o n  o f  t h e  o u t p u t  c a v i t y  s p a c i n g ,  b y  a p i e z o e l e c t r i c  
a c t u a t o r ,  g o v e r n e d  t h e  n u m b e r  o f  ’ b o u n c e s '  b e t w e e n  t h e
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F a b r y - P e r o t s  a n d  h e n c e  t h e  o u t p u t  b e a m  d i r e c t i o n .  
S i m u l a t i o n  o f  a  1 6  b y  1 6  a r r a y  o f  s p o t s  w i t h  a  s e p a r a t i o n  o f  
2 °  i n d i c a t e d  t h a t  a c c e s s  t i m e s  a p p r o a c h i n g  0 . 1 m s  s h o u l d  b e  
a c h i e v a b l e .
2 . 4 . 2  A c o u s t o - o p t i c  S c a n n e r s
T h e  d e f l e c t i o n  a n g l e  f o r  a n  a c o u s t o - o p t i c  s c a n n e r  i s  
p r o p o r t i o n a l  t o  t h e  c h a n g e  i n  a c o u s t i c  s i g n a l  f r e q u e n c y  a n d  
i s  g i v e n  b y  [ K o r p e l  1 9 7 2 ]
X . A f
A0 =  —   (2.3)
n  . v .a
w h e r e
f  = a c o u s t i c  w a v e  f r e q u e n c y  
v Q = a c o u s t i c  w a v e  v e l o c i t y  
n  = r e f r a c t i v e  i n d e x
a n d  t h e  n u m b e r  o f  r e s o l v a b l e  s p o t s  i s  e q u a l  t o  :
X - A f m
N =  2 -   ( 2 . 4 )
0 d  . v
a
w h e r e
0 d  = d i f f r a c t i o n  l i m i t e d  b e a m  d i v e r g e n c e  
a n d  s i n c e  0 d  i s  a p p r o x i m a t e l y  e q u a l  t o  V n D
N r  = f » |  —  1  ( 2 ‘ 5 )
v a
T h e  t e r m  i n  b r a c k e t s  i s  t h e  t i m e  r e q u i r e d  f o r  t h e  a c o u s t i c
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b e a m  t o  t r a n s v e r s e  t h e  o p t i c a l  a p e r t u r e ,  a n d  i s  t h e  
e f f e c t i v e  a c c e s s  t i m e  o f  t h e  s c a n n e r .  A  s e c o n d  f a c t o r  w h i c h  
l i m i t s  t h e  s p e e d  o r  r e s o l u t i o n  o f  a c o u s t o - o p t i c  d e f l e c t o r s  
i s  t h e  a t t e n u a t i o n  o f  t h e  a c o u s t i c  w a v e  a s  i t  p r o p a g a t e s  
a c r o s s  t h e  a p e r t u r e .  F o r  m o s t  a c o u s t o - o p t i c  m a t e r i a l s  t h e  
d r i v e  p o w e r  r e q u i r e d  t o  a c h i e v e  a  g i v e n  a n g u l a r  d e f l e c t i o n  
i s  p r o p o r t i o n a l  t o  t h e  a c o u s t i c  f r e q u e n c y  [ P i n n o w  1 9 7 0 ] ,  
T h i s ,  c o u p l e d  w i t h  t h e  r e d u c e d  i m p e d a n c e  o f  t h e  d e v i c e  a t  
h i g h  f r e q u e n c i e s ,  w h i c h  m a k e s  m a t c h i n g  d i f f i c u l t ,  l i m i t s  
a c o u s t o - o p t i c  d e v i c e s  t o  a  b a n d w i d t h  o f  a  f e w  h u n d r e d  
m e g a h e r t z .
A  t w o  d i m e n s i o n a l  s c a n  m a y  b e  a c h i e v e d  b y  p l a c i n g  t w o  
c r o s s e d  a c o u s t o - o p t i c  d e f l e c t o r s  i n  s e r i e s .  D r i v i n g  e a c h  
d e f l e c t o r  w i t h  a  s u i t a b l e  f r e q u e n c y  m o d u l a t e d  s i g n a l  e n a b l e s  
a  v a r i e t y  o f  s c a n  p a t t e r n s  t o  b e  g e n e r a t e d .
K i n g  a n d  S c h o l m  [ 1 9 7 8 ]  h a v e  d e s c r i b e d  a t w o  
d i m e n s i o n a l  a c o u s t o - o p t i c  d e f l e c t o r  u s e d  t o  s c a n  t h e  
r e c e i v e r  o f  a  h e t e r o d y n e  1 0 . 6 p m  l a s e r  r a d a r .  T h e  s c a n n e r  
h a d  a 1 2  b y  1 2  s p o t  ( 0 . 3 3  b y  0 . 3 3 m R )  r e s o l u t i o n  w i t h  a n  
a c c e s s  t i m e  o f  1 m i c r o s e c o n d .  T h e  o v e r a l l  s c a n n e r  
e f f i c i e n c y  w a s  1 6 - 2 5 % .
2 . 4 . 3  E l e c t r o - o p t i c  S c a n n e r s
A l t h o u g h  t h e  m a g n i t u d e  o f  t h e  e l e c t r o - o p t i c  e f f e c t  i s  
g e n e r a l l y  s m a l l  a n d  t h e r e f o r e  l a r g e  s u p p l y  v o l t a g e s  a r e  
r e q u i r e d  i n  i t s  a p p l i c a t i o n ,  e x t r e m e l y  f a s t  d e f l e c t i o n  r a t e s  
a r e  p o s s i b l e .  T h e  d e f l e c t o r  c o m m o n l y  c o n s i s t s  o f  a  s e r i e s  
o f  p r i s m s ,  e a c h  s u c c e s s i v e l y  i n v e r t e d ,  a n d  a l i g n e d  s o  a s  t o
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f o r m  a  b a r  [ L o t s p e i c h  1 9 6 8 ] ,  W h e n  a  v o l t a g e  i s  a p p l i e d  
a c r o s s  t h e  b a r  t h e  o p t i c a l  b e a m  i s  p r o g r e s s i v e l y  d e f l e c t e d .  
T h e  a c c e s s  t i m e  o f  t h e s e  d e v i c e s ,  w h i c h  i s  l i m i t e d  b y  t h e  
d e f l e c t o r  c a p a c i t a n c e  a n d  t h e  a v a i l a b l e  d r i v e  p o w e r ,  i s  
g i v e n  b y  [ Z o o k  1 9 7 4 ] : -
4 . c . V ^
t -  =  2 —     ( 2 . 6 )
P a
w h e r e
V p  = s u p p l y  v o l t a g e
P a  = e l e c t r i c a l  i n p u t  p o w e r
C = d e t e c t o r  c a p a c i t a n c e
I n t e r n a l  h e a t i n g  o f  t h e  c r y s t a l  c a n  c a u s e  d i s t o r t i o n  o f  t h e  
b e a m ,  a n d  t h u s  l i m i t s  t h e  m a x i m u m  d r i v e  p o w e r  a n d  h e n c e  t h e  
r e s o l u t i o n  a n d  a c c e s s  t i m e  o f  t h e  d e f l e c t o r .
D i s c r e t e  p o s i t i o n  b e a m  s w i t c h i n g  m a y  b e  a c h i e v e d  b y  
t h e  u s e  o f  a  v a r i a b l e  p o l a r i s e r  a n d  a  b i r e f r i n g e n t  d e t e c t i o n  
e l e m e n t .  B y  s w i t c h i n g  t h e  p o l a r i s a t i o n  o f  t h e  i n c o m i n g  w a v e  
b e t w e e n  t w o  o r t h o g o n a l  s t a t e s  e i t h e r  t h e  o r d i n a r y  o r  
e x t r a o r d i n a r y  r a y  c a n  b e  m a d e  t o  p r o p a g a t e  t h r o u g h  t h e  
b i r e f r i n g e n t  c r y s t a l .  S i n c e  t h e  e m e r g i n g  b e a m  d i r e c t i o n  i s  
d i f f e r e n t  f o r  t h e  t w o  r a y s  a  2  p o s i t i o n  s w i t c h  c a n  b e  
c o n s t r u c t e d  [ K u l c k e  1 9 6 6 ] ,  C a s c a d i n g  n  s u c h  c e l l s  e n a b l e s  
2 n  p o s s i b l e  b e a m  p o s i t i o n s  t o  b e  a d d r e s s e d .
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2 . 5  OPTICAL AND INFRARED DETECTION AND DETECTORS
2 . 5 . 1  D e t e c t i o n
O p t i c a l  d e t e c t i o n  i s  f s q u a r e - l a w ! i n  n a t u r e ,  t h a t  i s  a 
p h o t o c u r r e n t  ( I s ) i s  g e n e r a t e d  w h i c h  i s  p r o p o r t i o n a l  t o  t h e  
s q u a r e  o f  t h e  i n c i d e n t  e l e c t r i c  f i e l d .  I n  a  p h o t o d e t e c t o r  
t h e  p h o t o c u r r e n t  i s  r e l a t e d  t o  t h e  a v e r a g e  i n c i d e n t  o p t i c a l  
p o w e r ,  ( P s d ) ,  b y
Psd h - v
( 2 . 7 )
w h e r e
r\ = q u a n t u m  e f f i c i e n c y  
h  = P l a n c k s  c o n s t a n t  
q  = e l e c t r o n i c  c h a r g e  
v  = o p t i c a l  f r e q u e n c y
T h i s  r a t i o  i s  c a l l e d  t h e  d e t e c t o r  r e s p o n s i v i t y  a n d  i s  
a  c o m m o n l y  q u o t e d  d e t e c t o r  p a r a m e t e r .
D e t e c t i o n  c a n  b e  p e r f o r m e d  e i t h e r  i n c o h e r e n t l y  ( d i r e c t  
d e t e c t i o n )  o r  c o h e r e n t l y  ( h e t e r o d y n e  d e t e c t i o n )  a s  f o r  r a d i o  
f r e q u e n c y  r e c e p t i o n .  H o w e v e r ,  u n l i k e  t h e  r a d i o  f r e q u e n c y  
c a s e  i n  w h i c h  h e t e r o d y n e  d e t e c t i o n  r e s u l t s  i n  a  s i g n i f i c a n t  
i m p r o v e m e n t  i n  s e n s i t i v i t y ,  i n  t h e  o p t i c a l  r e g i o n  w h e r e  
q u a n t u m  e f f e c t s  m a y  d o m i n a t e ,  t h e  i m p r o v e m e n t  i s  o f t e n  l e s s  
p r o n o u n c e d .
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D i r e c t  d e t e c t i o n  r e c e i v e r s  f o c u s  t h e  i n c o m i n g  o p t i c a l  
s i g n a l ,  m a d e  u p  o f  t h e  w a n t e d  s i g n a l  t o g e t h e r  w i t h  
b a c k g r o u n d  r a d i a t i o n ,  d i r e c t l y  o n t o  t h e  p h o t o d e t e c t o r ,  
F i g . 2 . 5 .  S i n c e  t h e  p h o t o d e t e c t o r  r e s p o n d s  o n l y  t o  t h e  
i n c i d e n t  e n e r g y ,  p h a s e  a n d  s p e c t r a l  i n f o r m a t i o n  a r e  n o t  
p r e s e r v e d  i n  t h e  d e t e c t i o n  p r o c e s s .  T h e  p h o t o d e t e c t o r  w i l l  
r e s p o n d  e q u a l l y  w e l l  t o  b o t h  s i g n a l  a n d  b a c k g r o u n d  p h o t o n s  
w i t h i n  i t s  s p e c t r a l  r e s p o n s e .  T o  a c h i e v e  r e j e c t i o n  o f  t h e  
b a c k g r o u n d  c o m p o n e n t ,  o p t i c a l  p r e - f i l t e r i n g  i s  r e q u i r e d .
S e v e r a l  n o i s e  m e c h a n i s m s  a r e  p r e s e n t  i n  t h e  d e t e c t i o n  
p r o c e s s .  I n  t h e  a b s e n c e  o f  a n y  o t h e r  n o i s e  s o u r c e s  t h e  
l i m i t i n g  f a c t o r  o n  d i r e c t  d e t e c t i o n  r e c e i v e r  s e n s i t i v i t y  i s  
s i g n a l  i n d u c e d  s h o t  n o i s e .  T h i s  i s  a f u n d a m e n t a l  l i m i t a t i o n  
d u e  t o  f l u c t u a t i o n s  i n  t h e  p h o t o n  a r r i v a l  r a t e .  S h o t  n o i s e  
w i l l  a l s o  b e  g e n e r a t e d  b y  t h e  b a c k g r o u n d  r a d i a t i o n  n o t  
r e j e c t e d  b y  t h e  o p t i c a l  f i l t e r ,  a n d  a l s o  f r o m  l e a k a g e  
c u r r e n t s  w i t h i n  t h e  d e t e c t o r  i t s e l f .  A l s o  t h e  o u t p u t  
r e s i s t a n c e  o f  t h e  d e t e c t o r  w i l l  g e n e r a t e  t h e r m a l  n o i s e ,  
w h i c h  f o r  d e t e c t o r s  w i t h o u t  p r e - d e t e c t i o n  g a i n ,  i s  c o m m o n l y  
t h e  d o m i n a n t  n o i s e  s o u r c e .
T h e  s i g n a l  t o  n o i s e  r a t i o  a t  t h e  o u t p u t  o f  a 
p h o t o d e t e c t o r  c a n  b e  e x p r e s s e d  b y
2 . 5 . 1 . 1  D i r e c t  D e t e c t i o n
S N R
^sd Re ^
( 2  q B Re ( P s d  + P hr i ) G( 2 + x )  + k T B / R n )
 ( 2 . 8 )
b d
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P s d  = d e t e c t e d  s i g n a l  p o w e r  
P j ^  = d e t e c t e d  b a c k g r o u n d  p o w e r  
G = p r e - d e t e c t i o n  g a i n
x  = e x c e s s  n o i s e  f a c t o r
R p  = e f f e c t i v e  p h o t o d i o d e  l o a d  r e s i s t a n c e  
R e  = p h o t o d i o d e  u n i t y  g a i n  r e s p o n s i v i t y
B = e l e c t r i c a l  b a n d w i d t h
I t  f o l l o w s  f r o m  e q . ( 2 . 7 )  a n d  ( 2 . 8 )  t h a t  t h e  t h e o r e t i c a l  
m i n i m u m  d e t e c t a b l e  p o w e r  ( P s d r a i n  ) f o r  a  d i r e c t  d e t e c t i o n  
r e c e i v e r  i s  g i v e n  b y  : -
2  q  B
P s d m i n  = "   ( 2 . 9 )
e
2  h  v  B
    ( 2 . 1 0 )
V
T h e  i m p r o v e m e n t  i n  r e c e i v e r  s e n s i t i v i t y  w h i c h  c a n  b e  
a c h i e v e d  b y  h a v i n g  p r e - d e t e c t i o n  g a i n  ( a s  c a n  b e  o b t a i n e d  
f r o m  p h o t o m u l t i p l i e r s  a n d  a v a l a n c h e  p h o t o d i o d e s )  c a n  b e  
c l e a r l y  s e e n  f r o m  e q . ( 2 . 8 ) .  F o r  u n i t y  a n d  l o w  g a i n s  t h e  
t h e r m a l  n o i s e  t e r m  i s  d o m i n a n t .  A s  t h e  g a i n  i s  i n c r e a s e d  s o  
t h e  SN R i m p r o v e s  u n t i l  t h e  s h o t  n o i s e  t e r m  b e c o m e s  
c o m p a r a b l e  w i t h  t h e  t h e r m a l l y  g e n e r a t e d  n o i s e .  B e y o n d  a  
c e r t a i n  l i m i t  a n y  f u r t h e r  i n c r e a s e  i n  g a i n  w i l l  r e s u l t  i n  a 
d e c r e a s e  i n  SN R s i n c e  t h e  g a i n  p r o c e s s  i t s e l f  g e n e r a t e s  
a d d i t i o n a l  n o i s e .
where
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C O L L E C T I N G  L E N S
O P T I C A L
F I L T E R
F i g . 2 .5  B as ic  d i r e c t  d e t e c t io n  r e c e iv e r
B E A M S P L I T T E R  P H O T O D E T E C T O R
F i g . 2 .6  B as ic  h e te ro d y n e  r e c e iv e r
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d i f f e r e n t i a t i o n  o f  e q u a t i o n  ( 2 . 8 ) ,
k T _JL
[ * *  1 "1 2 + X  —   ( 2 . 1 1 )
X q Rp Re (P sd + Pb d ) J
O w i n g  t o  t h e i r  s i m p l i c i t y  a n d  g o o d  s e n s i t i v i t y  d i r e c t  
d e t e c t i o n  s y s t e m s  h a v e  f o u n d  w i d e s p r e a d  u s e  i n  l a s e r  r a n g i n g
s y s t e m s .  H o w e v e r ,  i n  s o m e  a p p l i c a t i o n s ,  f o r  e x a m p l e  w h e r e
a c c u r a t e  t a r g e t  v e l o c i t y  i n f o r m a t i o n  i s  r e q u i r e d ,  a  c o h e r e n t  
d e t e c t i o n  s c h e m e  c a n  b e  u s e d  t o  g o o d  e f f e c t .
2 . 5 . 1 . 2  H e t e r o d y n e  D e t e c t i o n
The opt imum v a l u e  o f  g a i n  c a n  be f ound  by
I t  h a s  o n l y  b e e n  s i n c e  t h e  a d v e n t  o f  t h e  l a s e r  t h a t  
h e t e r o d y n e  ( o r  p h o t o m i x i n g )  h a s  b e c o m e  p o s s i b l e  i n  t h e  
o p t i c a l  r e g i o n .  T h e  b a s i c  p r i n c i p l e  o f  p h o t o m i x i n g  i s  s h o w n  
i n  F i g . 2 . 6  .
T h e  i n c o m i n g  o p t i c a l  s i g n a l  i s  m i x e d  w i t h  a  l o c a l  
o s c i l l a t o r  b e a m  ( w h i c h  i s  d e r i v e d  f r o m  t h e  s a m e  s o u r c e  a s  
t h e  s i g n a l  i t s e l f )  o n  t h e  s u r f a c e  o f  a  p h o t o d e t e c t o r .  F o r  
e f f i c i e n t  p h o t o m i x i n g  t o  o c c u r  t h e  w a v e f r o n t s  o f  t h e  t w o  
b e a m s  m u s t  b e  p a r a l l e l  a c r o s s  t h e  p h o t o s e n s i t i v e  a r e a  a n d  
s h o u l d  a l s o  b e  o f  l i k e  p o l a r i s a t i o n  [ R o s s  1 9 6 6 ] ,  A t  t h e  
o u t p u t  o f  t h e  p h o t o d e t e c t o r  a  c o m p o n e n t  a t  t h e  o p t i c a l  
d i f f e r e n c e  f r e q u e n c y  w i l l  b e  p r o d u c e d .  T h e  b a n d w i d t h  o f  t h e  
d e t e c t o r  a n d  i t s  a s s o c i a t e d  c i r c u i t r y  m u s t ,  o f  c o u r s e ,  b e  
s u f f i c i e n t  t o  a c c o m o d a t e  t h e  b e a t  f r e q u e n c y .
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I t  c a n  e a s i l y  b e  s h o w n  [ O l i v e r  1 9 6 1 ]  t h a t  t h e  l i m i t i n g  
S N R  f o r  a  h e t e r o d y n e  r e c e i v e r  i s  g i v e n  b y
*1 P s d
' S N R  = 1 = -------------- —  ......................................... ( 2 . 1 2 )
h  v  B
a n d  t h e r e f o r e  t h e  m i n i m u m  d e t e c t a b l e  p o w e r  i s
h  v  B
P s d m i n  = ~ ............................... ..................................... ( 2 . 1 3 )
w h i c h  i s  o n l y  a  3 d B  i m p r o v e m e n t  o v e r  t h e  d i r e c t  d e t e c t i o n  
r e c e i v e r  o p e r a t i n g  u n d e r  t h e  i d e a l  c o n d i t i o n s  o f  n o  
b a c k g r o u n d  r a d i a t i o n .
I t  i s  t h e  h i g h  p o w e r  l o c a l  o s c i l l a t o r  s i g n a l  w h i c h
p r o v i d e s  t h e  l a r g e  c o n v e r s i o n  g a i n  w h i c h  e f f e c t i v e l y  s w a m p s  
a l l  n o i s e  s o u r c e s  o t h e r  t h a n  i t s  o w n  s h o t  n o i s e .  E x t r e m e l y  
h i g h  r e j e c t i o n  o f  b a c k g r o u n d  r a d i a t i o n  i s  t h u s  a c h i e v e d
s i n c e  t h e  e f f e c t i v e  o p t i c a l  b a n d w i d t h  i s  e q u a l  t o  t h e  p o s t
d e t e c t i o n  i n t e r m e d i a t e  f r e q u e n c y  b a n d w i d t h .  B y  c o m p a r i s o n
d i r e c t  d e t e c t i o n  r e c e i v e r s  c a n  o n l y  r e j e c t  b a c k g r o u n d  
r a d i a t i o n  b y  m e a n s  o f  o p t i c a l  i n t e r f e r e n c e  f i l t e r s  w h o s e  
b a n d w i d t h  i s  n o r m a l l y  m u c h  l a r g e r  t h a n  t h e  p o s t  d e t e c t i o n  
b a n d w i d t h ,  b e i n g  o f  t h e  o r d e r  o f  m a n y  1 0 0 ’ s  o f  g i g a h e r t z .
T h e  l a r g e  D o p p l e r  s h i f t s  w h i c h  c a n  o c c u r  f r o m  m o v i n g  
t a r g e t s  a t  o p t i c a l  f r e q u e n c i e s  c a n  b e  d e t e c t e d  w i t h  a  
h e t e r o d y n e  r e c e i v e r  a n d  h e n c e  t a r g e t  r a d i a l  v e l o c i t y  c a n  b e  
e s t i m a t e d .  T h e  m a g n i t u d e  o f  t h e  D o p p l e r  s h i f t  ( f d ) d s  g i v e n
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2 . v . v ,
f d  = -----------------—   ( 2 . 1 4 )
c
w h e r e  = t a r g e t  r a d i a l  v e l o c i t y  ( m / s )
A t  a  w a v e l e n g t h  o f  1 p m  D o p p l e r  s h i f t s  o f  2 M H z  p e r  m / s  
o f  r a d i a l  v e l o c i t y  w i l l  o c c u r .  A l t h o u g h  t h e  v e l o c i t y  
r e s o l u t i o n  o f  o p t i c a l  h e t e r o d y n e  r e c e i v e r s  i s  e x c e l l e n t
d i f f i c u l t i e s  m a y  b e  e x p e r i e n c e d  w i t h  f a s t  m o v i n g  t a r g e t s .  
F o r  e x a m p l e ,  a n  o n c o m i n g  a i r c r a f t  t r a v e l l i n g  a t  1 0 0 0 k m / h r
w i l l  p r o d u c e  a  D o p p l e r  s h i f t  o f  s o m e  2 6 M H z  a t  t h e  c a r b o n
d i o x i d e  l a s e r  w a v e l e n g t h .
T h e  a d v a n t a g e s  o f  h e t e r o d y n e  d e t e c t i o n  b e c o m e  m o r e  
p r o n o u n c e d  a t  t h e  l o n g e r  i n f r a r e d  w a v e l e n g t h s ,  e . g .  i n  t h e  
8 - 1 4 p m  a t m o s p h e r i c  w i n d o w .  F i r s t l y  t h e  r e c e i v e r  a l i g n m e n t  
i s  l e s s  c r i t i c a l  ( c o m p a r e d  t o  t h e  s h o r t e r  w a v e l e n g t h s )  a n d  
s e c o n d l y  g o o d  i n c r e a s e s  i n  s e n s i t i v i t y  c a n  b e  a c h i e v e d  o v e r  
d i r e c t  d e t e c t i o n  r e c e i v e r s  [ T e i c h  1 9 6 8 ] .  T h e  c o m p a r a t i v e  
s e n s i t i v i t y  i n c r e a s e  o c c u r s  s i n c e  s i g n a l  s h o t  n o i s e  i s  
r a r e l y  t h e  d o m i n a n t  n o i s e  s o u r c e  a t  t h e  l o n g e r  w a v e l e n g t h s .  
A  1 0 . 6 , p m  h e t e r o d y n e  l a s e r  r a d a r  e q u i p m e n t  d e s c r i b e d  b y
B r a n d e w i e  [ 1 9 7 2 ]  a c h i e v e d  a S N R  w i t h i n  a  f a c t o r  o f  f o u r  o f  
t h e  t h e o r e t i c a l  q u a n t u m  l i m i t .  A  t h i r d  a d v a n t a g e  i s  t h a t  
a t m o s p h e r i c  s c i n t i l l a t i o n  a n d  a t t e n u a t i o n  t e n d  t o  b e  l o w e r  
t h a n  i n  t h e  v i s i b l e / n e a r  i n f r a r e d  r e g i o n .
T a r g e t  s p e c k l e  e f f e c t s  [ D a i n t y  1 9 7 5 ]  s h o u l d  a l s o  b e  
c o n s i d e r e d  i f  a  h e t e r o d y n e  r e c e i v i n g  s y s t e m  i s  u s e d .  M o s t
by : -
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t a r g e t s  c a n  b e  c o n s i d e r e d  a s  d i f f u s e  s c a t t e r e r s ,  t h a t  i s  t h e  
r e f l e c t e d  s i g n a l  i s  c o m p o s e d  o f  c o n t r i b u t i o n s  f r o m  a l a r g e  
n u m b e r  o f  s c a t t e r i n g  s i t e s .  I n  s u c h  c a s e s  t h e  i n t e n s i t y  o f  
t h e  r e f l e c t e d  s i g n a l  a c r o s s  t h e  r e c e i v e r  p l a n e  w i l l  a p p e a r  
a s  a  n o n - u n i f o r m  r a n d o m  p a t t e r n .  T h e  i n t e n s i t y  f o l l o w s  a  
G a u s s i a n  d i s t r i b u t i o n  w i t h  t h e  a v e r a g e  s i z e  o f  t h e  s p e c k l e  
’ b l o b s ’ b e i n g  a p p r o x i m a t e l y  X . R / D  w h e r e  R i s  t h e  t a r g e t s  
r a n g e  a n d  D i s  t h e  d i a m e t e r  o f  t h e  i l l u m i n a t e d  a r e a .  T a r g e t  
s p e c k l e  p l a c e s  a n  u p p e r  l i m i t  o n  t h e  s i z e  o f  t h e  r e c e i v i n g  
a p e r t u r e  w h i c h  c a n  b e  u s e f u l l y  u s e d .  S i n c e  a  h e t e r o d y n e  
r e c e i v e r  r e q u i r e s  a  c o n s t a n t  p h a s e  s i g n a l  f o r  e f f i c i e n t  
d e t e c t i o n ,  a n d  a s  t h e  p h a s e  o f  d i f f e r e n t  s p e c k l e  b l o b s  a r e  
d i s t r i b u t e d  o v e r  t h e  r a n g e  - 7 r  t o  + 7r  c o l l e c t i n g  m o r e  t h a n  o n e  
b l o b  i s  n o t  b e n e f i c a l .  I f  t h e  t a r g e t  i s  m o v i n g  t h e n  
t e m p o r a l  v a r i a t i o n s  w i l l  o c c u r  i n  t h e  s p e c k l e  p a t t e r n .  
T h e s e  c a n  b e  c h a r a c t e r i s e d  b y  a t t r i b u t i n g  a  c o h e r e n c e  t i m e  
t o  t h e  t a r g e t .  T h i s  i s  a n  i m p o r t a n t  c o n s i d e r a t i o n  f o r  
s y s t e m s  u s i n g ,  f o r  e x a m p l e ,  p u l s e  c o m p r e s s i o n  t e c h n i q u e s  
s i n c e  i t  p l a c e s  a  l i m i t  o n  t h e  l e n g t h  o f  t h e  t r a n s m i t t e d  
w a v e f o r m  w h i c h  c a n  b e  u s e d .
2 . 5 . 2  O p t i c a l  a n d  I n f r a r e d  D e t e c t o r s
O p t i c a l  a n d  i n f r a r e d  d e t e c t o r s  c a n  b e  c l a s s i f i e d  i n t o  
t w o  g e n e r a l  g r o u p s  -  t h o s e  r e s p o n d i n g  t o  t h e r m a l  e f f e c t s  a n d  
t h o s e  r e s p o n d i n g  d i r e c t l y  t o  i n c i d e n t  p h o t o n s .
B e f o r e  d i s c u s s i n g  t h e  d i f f e r e n t  d e t e c t o r s  a v a i l a b l e  i t  
i s  n e c e s s a r y  b r i e f l y  t o  o u t l i n e  t h e  p a r a m e t e r s  c o m m o n l y  u s e d  
t o  d e s c r i b e  d e t e c t o r  p e r f o r m a n c e .
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T h e  d e t e c t o r  w i l l  i n t r o d u c e  n o i s e  o w i n g  t o  d e v i c e  
i m p e r f e c t i o n s  a n d  s o  a  m e a n s  o f  a s s e s s i n g  t h e  s e n s i t i v i t y  o f  
a  d e t e c t o r  i s  r e q u i r e d .  T h i s  i s  c o m m o n l y  d o n e  i n  t e r m s  o f  
t h e  d e t e c t o r ’ s  n o i s e  e q u i v a l e n t  p o w e r  ( N E P ) ,  w h i c h  i s  
d e f i n e d  a s  t h e  o p t i c a l  i n p u t  p o w e r  i n c i d e n t  o n  t h e  
p h o t o s e n s i t i v e  s u r f a c e  n e c e s s a r y  t o  p r o d u c e  a  s i g n a l - t o -
n o i s e  r a t i o  o f  u n i t y  a t  t h e  d e t e c t o r  o u t p u t .  T h e  r e c i p r o c a l  
o f  t h e  N E P  i s  d e f i n e d  a s  t h e  d e t e c t i v i t y  ( D ) ,  a  q u a n t i t y
w h i c h  i n c r e a s e s  w i t h  i m p r o v i n g  d e t e c t o r  p e r f o r m a n c e .  A
n o r m a l i s e d  s p e c i f i c  d e t e c t i v i t y ,  D *  ( p r o n o u n c e d  D s t a r )  w a s  
i n t r o d u c e d  b y  J o n e s [ 1 9 5 9 3  a s  a  m o r e  v a l i d  p a r a m e t e r  f o r  
c o m p a r i n g  d e t e c t o r s  o f  d i f f e r e n t  a r e a s  a n d  m e a s u r e m e n t  
b a n d w i d t h s .  T h e  u n i t s  o f  D *  a r e  c m \ / H z / W .
2 . 5 . 2 . 1  T h e r m a l  D e t e c t o r s
B e c a u s e  t h e r m a l  d e t e c t o r s  r e s p o n d  t o  t h e  h e a t i n g
e f f e c t  p r o d u c e d  b y  t h e  i n c i d e n t  r a d i a t i o n  t h e y  a r e  g e n e r a l l y  
s l o w  ( t y p i c a l l y  m i l l i s e c o n d s )  a n d  a r e  a l s o  c o m p a r a t i v e l y  
i n s e n s i t i v e .  H o w e v e r ,  t h i s  t y p e  o f  d e t e c t o r  h a s  a  w i d e  
s p e c t r a l  r e s p o n s e .  T h e  l o w  s e n s i t i v i t y  a n d  s l o w  r e s p o n s e  
t i m e  m a k e  t h e r m a l  d e t e c t o r s  u n s u i t a b l e  f o r  m o s t  l a s e r  r a d a r  
a p p l i c a t i o n s ,  a l t h o u g h  o n e  t h a t  u t i l i s e s  t h e  p y r o e l e c t r i c  
e f f e c t ,  h a s  s e v e r a l  d e s i r a b l e  f e a t u r e s .
P y r o e l e c t r i c  d e t e c t o r s  r e s p o n d  t o  t h e  r a t e  o f  c h a n g e  
o f  r a d i a n c e  b y  i n d u c i n g  a n  e l e c t r i c  d i p o l e  m o m e n t  i n  a n  
i n s u l a t i n g  m a t e r i a l  s u c h  a s  T r i g l y c i n e  S u l p h a t e  ( T G S )  . 
T h e i r  l o w  f r e q u e n c y  s e n s i t i v i t y  i s  a n  o r d e r  o f  m a g n i t u d e  o r  
s o  l e s s  t h a n  t h a t  o f  p h o t o n  d e t e c t o r s  a l t h o u g h  r e s p o n s e
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t i m e s  i n  t h e  s u b n a n o s e c o n d  r e g i o n  c a n  b e  a c h i e v e d  a t  r e d u c e d  
s e n s i t i v i t y .  T h e  a b i l i t y  t o  o p e r a t e  a t  r o o m  t e m p e r a t u r e ,  
e v e n  i n  t h e  8 - 1 4 p m  b a n d ,  h a s  r e s u l t e d  i n  t h e  d e v i c e  b e i n g  
u s e d  a s  t h e  m i x i n g  e l e m e n t  i n  h e t e r o d y n e  r e c e i v e r s  [ A b r a m s  
1 9 6 9 ]  .
2 . 5 . 2 . 2  P h o t o n  D e t e c t o r s
T w o  t y p e s  o f  p h o t o n  d e t e c t o r  a r e  o f  i n t e r e s t  h e r e ,  
p h o t o e m i s s i v e  d e t e c t o r s  a n d  s o l i d  s t a t e  s e m i c o n d u c t o r  
d e v i c e s .  T h e  m o s t  c o m m o n  t y p e  o f  p h o t o e m i s s i v e  d e v i c e  i s  
t h e  p h o t o m u l t i p l i e r  t u b e  ( P M T ) .  T h e s e  d e t e c t o r s  c o n s i s t  o f  
a  p h o t o s e n s i t i v e  c a t h o d e  a n d  a  s e r i e s  o f  d y n o d e s ,  w h i c h  
p r o v i d e  i n t e r n a l  c u r r e n t  a m p l i f i c a t i o n ,  a n d  a n  a n o d e  t o  
c o l l e c t  t h e  p h o t o c u r r e n t .  F o r  o p e r a t i o n  i n  t h e  v i s i b l e  
r e g i o n  p h o t o m u l t i p l i e r s  p r o v i d e  t h e  m o s t  s e n s i t i v e  f o r m  o f  
d i r e c t  d e t e c t i o n .  H o w e v e r ,  i n  a l l  b u t  t h e  m o s t  c r i t i c a l  
a p p l i c a t i o n s  t h e  s o l i d  s t a t e  a v a l a n c h e  p h o t o d i o d e  ( A P D )  i s  
p r e f e r r e d  o w i n g  t o  i t s  l o w e r  c o s t ,  s i m p l e r  p o w e r  s u p p l y  
r e q u i r e m e n t s  a n d  s m a l l  r u g g e d  c o n s t r u c t i o n .  A b o v e  8 0 0 n m  t h e  
q u a n t u m  e f f i c i e n c y  o f  e v e n  t h e  l o n g e s t  c u t - o f f  w a v e l e n g t h  
p h o t o m u l t i p l i e r  i s  s o  l o w  t h a t  t h e  A P D  b e c o m e s  a n  e v e n  m o r e  
a t t r a c t i v e  c h o i c e .
T h e  A P D  i s  a p n  j u n c t i o n  d e v i c e  r e v e r s e  b i a s e d  t o  t h e  
p o i n t  o f  b r e a k d o w n .  C a r r i e r  m u l t i p l i c a t i o n  o c c u r s  o w i n g  t o  
i m p a c t  i o n i z a t i o n ,  w i t h  g a i n s  o f  s e v e r a l  h u n d r e d  b e i n g  
a c h i e v e d  a t  b i a s  v o l t a g e s  o f  a  f e w  h u n d r e d  v o l t s .
F o r  d e t e c t i o n  f u r t h e r  i n t o  t h e  i n f r a r e d ,  t o  a b o u t  
1 . 7 / j m , g e r m a n i u m  [ A n d o  1 9 7 8 ]  a n d  m o r e  r e c e n t l y  I n G a A s P
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[ Y e a t s  1 9 7 9 1  b a s e d  d e t e c t o r s  a r e  n o r m a l l y  u s e d .  B o t h  t y p e s  
a r e  a v a i l a b l e  f o r  u s e  i n  t h e  a v a l a n c h e  m o d e  o f  o p e r a t i o n .
A b o v e  2pm t h e  t h e r m a l  e n e r g y  o f  t h e  e l e c t r o n s  w i t h i n  
t h e  d e t e c t o r  m a t e r i a l  a t  r o o m  t e m p e r a t u r e  b e c o m e s  c o m p a r a b l e  
w i t h  t h e  e n e r g y  o f  t h e  i n c i d e n t  p h o t o n s .  T h e r e f o r e ,  f o r  
s e n s i t i v e  d i r e c t  d e t e c t i o n  s o m e  m e a n s  o f  c o o l i n g  t h e  
d e t e c t o r  i s  r e q u i r e d .  C o m m o n l y  u s e d  d e t e c t o r  c o o l i n g  
t e c h n i q u e s  a r e  o u t l i n e d  i n  t h e  f o l l o w i n g  s e c t i o n .
T w o  t e r n a r y  a l l o y  d e t e c t o r s ,  c a d m i u m  m e r c u r y  t e l l u r i d e  
( C M T )  a n d  l e a d  t i n  t e l l u r i d e  ( L T T )  a r e  u s e d  f o r  h i g h  s p e e d  
d e t e c t i o n  a t  t h e  l o n g e r  i n f r a r e d  w a v e l e n g t h s  o u t  t o  t h e  
l i m i t  o f  t h e  8 - 1 4 p m  a t m o s p h e r i c  w i n d o w .  T h e  C M T  d e t e c t o r  i s  
n o w  r e p l a c i n g  t h e  L T T  d e v i c e  i n  m o s t  a p p l i c a t i o n s .  T h e  p e a k  
r e s p o n s e  o f  t h e  C M T  d e t e c t o r  c a n  b e  t a i l o r e d  t o  a n y  s p e c i f i c  
w a v e l e n g t h  i n  t h e  2 - 1 4 p m  r e g i o n  b y  a d j u s t i n g  t h e  H g T e  t o  
C d T e  r a t i o  o f  t h e  m a t e r i a l .  D e t e c t i v i t i e s  o f  1 0 ^ c n h / H z / W  i n  
t h e  3 - 5 p m  r e g i o n  ( d e t e c t o r  t e m p e r a t u r e  1 9 5  K )  a n d
2 . 1  0 ^  0 c m > / ^ z / W  a t  8 - 1  4 p m  ( 7 7  K )  w i t h  r e s p o n s e  t i m e s  o f  l e s s  
t h a n  1 0 n s  a r e  t y p i c a l .  I n  a d d i t i o n  t o  s i n g l e  e l e m e n t  
d e t e c t o r s  C M T  a r r a y s  h a v i n g  1 0 0  e l e m e n t s  a r e  a v a i l a b l e  f o r  
u s e  p r i m a r i l y  i n  t h e r m a l  i m a g i n g  a p p l i c a t i o n s .  C o n s i d e r a b l e  
r e s e a r c h  e f f o r t  i s  c u r r e n t l y  b e i n g  d e v o t e d  t o  t h e  
d e v e l o p m e n t  o f  t w o  d i m e n s i o n a l  h i g h  r e s o l u t i o n  1 s t a r i n g  
a r r a y s ’ w h i c h  r e q u i r e  n o  m e c h a n i c a l  s c a n n i n g  [ C h a r l t o n  
1 9 8 2 ] .
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I n  o r d e r  t o  o b t a i n  o p t i m u m  p e r f o r m a n c e  f r o m  t h e  
d e t e c t o r  a t  w a v e l e n g t h s  l o n g e r  t h a n  a b o u t  3 p m  i t  i s  
n e c e s s a r y  t o  s u p p r e s s  t h e r m a l l y  e x c i t e d  c h a r g e  c a r r i e r s  b y  
o p e r a t i n g  t h e  d e t e c t o r  a t  r e d u c e d  t e m p e r a t u r e .
O p e r a t i n g  t e m p e r a t u r e s  s u i t a b l e  f o r  d e t e c t o r s  
o p e r a t i n g  i n  t h e  3 - 5 p m  a t m o s p h e r i c  w i n d o w  c a n  b e  a c h i e v e d
u s i n g  t h e r m o - e l e c t r i c  h e a t  p u m p s  [ D a v i s  1 9 8 1 ] .  U t i l i z i n g  
t h e  P e l t i e r  E f f e c t  d e t e c t o r  c o o l i n g  d o w n  t o  1 9 5  K c a n  b e  
o b t a i n e d  w i t h  4  s t a g e  c o o l e r s  f o r  e l e c t r i c a l  i n p u t  p o w e r s  o f  
a  f e w  w a t t s .  T h e  m i n i m u m  o p e r a t i n g  t e m p e r a t u r e  o b t a i n a b l e
w i t h  t h e r m o - e l e c t r i c  c o o l e r s  i s  l i m i t e d  t o  a b o u t  1 7 0  K .
A t  l o n g e r  w a v e l e n g t h s ,  f o r  e x a m p l e  i n  t h e  8 - 1 4 p m  b a n d ,  
d e t e c t o r  o p e r a t i n g  t e m p e r a t u r e s  o f  7 7  K  a r e  n o r m a l l y  
r e q u i r e d .  D i r e c t  c o o l i n g  o f  t h e  d e t e c t o r  w i t h  l i q u i d
n i t r o g e n  i s  a  s i m p l e  a n d  e f f e c t i v e  m e a n s  o f  c o o l i n g ,  h o w e v e r  
i t  i s  o n l y  r e a l l y  p r a c t i c a l  i n  l a b o r a t o r y  t y p e  e n v i r o n m e n t s  
s i n c e  r e a d i l y  a v a i l a b l e  s u p p l i e s  o f  l i q u i d  n i t r o g e n  a r e  
r e q u i r e d .  F o r  o p e r a t i o n  i n  m o r e  p r a c t i c a l  s i t u a t i o n s  J o u l e  
T h o m p s o n  a n d  v a r i o u s  t y p e s  o f  c o o l i n g  e n g i n e  ( t h e  m o s t  
c o m m o n  t y p e  i s  t h e  S t i r l i n g  e n g i n e )  p o w e r e d  b y  c o m p r e s s e d  
g a s  c a n  b e  u s e d  [ S t e p h e n s  1 9 6 8 ] ,  W h e n  d r i v e n  f r o m  a
c o m p r e s s o r  u n i t ,  a s  o p p o s e d  t o  a  g a s  b o t t l e ,  c o n t i n u o u s  
o p e r a t i o n  o f  s e v e r a l  h u n d r e d  h o u r s  c a n  b e  a c h i e v e d .
2 . 5 . 2 . 3  D e t e c t o r  C o o l i n g
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2 . 6  A T M O S P H E R I C  E F F E C T S
2 . 6 . 1  A t t e n u a t i o n  i n  C l e a r  W e a t h e r
F o r  a  l a s e r  r a d a r  s y s t e m  t h e  t r a n s m i t t a n c e  ( T ) ,
t h r o u g h  t h e  a t m o s p h e r e  t o  a  t a r g e t  a t  a  r a n g e  o f  R
k i l o m e t r e s ,  i s  r e l a t e d  t o  t h e  e x t i n c t i o n  c o e f f i c i e n t  c r  ( p e r  
k m )  b y  t h e  e x p r e s s i o n  T  = e x p ( - 2 c r R ) .  I n  g e n e r a l  a t t e n u a t i o n  
o f  o p t i c a l  r a d i a t i o n  i s  c a u s e d  b o t h  b y  s c a t t e r i n g  a n d  b y
a b s o r p t i o n .  T h e  e x t i n c t i o n  c o e f f i c i e n t  c a n  t h u s  b e  s p l i t
i n t o  t w o  c o m p o n e n t s ; -
< r  = ° s c a t  +  ° a b s   ( 2 - 1 5>
w h e r e
<rs c a t  i s  t h e  s c a t t e r i n g  c o e f f i c i e n t  
<ra b s  i s  t h e  a b s o r p t i o n  c o e f f i c i e n t
I n  t h e  v i s i b l e  a n d  i n f r a r e d  r e g i o n s  o f  t h e  s p e c t r u m  
a t m o s p h e r i c  a t t e n u a t i o n  i s  a  r a p i d l y  v a r y i n g  f u n c t i o n  o f  
w a v e l e n g t h  h a v i n g  s e v e r a l  s t r o n g  a b s o r p t i o n  b a n d s  c a u s e d  
p r i n c i p a l l y  b y  w a t e r  v a p o u r  a n d  c a r b o n  d i o x i d e  m o l e c u l e s  
[ K r u s e  1 9 6 2 ] ,  T h e r e  a r e  h o w e v e r ,  t h r e e  r e g i o n s  w h e r e  
r e a s o n a b l y  e f f i c i e n t  p r o p a g a t i o n  i s  p o s s i b l e ,  -  t h e  v i s i b l e  
a n d  n e a r  i n f r a r e d  ( 0 . 4 - 1 . 2 p m ) ,  a n d  t h e  t w o  i n f r a r e d  w i n d o w s  
a t  3 - 5 p m  a n d  8 - 1 4 p m .  A  t y p i c a l  c l e a r  w e a t h e r  a t m o s p h e r i c  
p r o p a g a t i o n  c u r v e  i s  s h o w n  i n  F i g . 2 . 7 .  A l s o  s h o w n  i s  a 
m a g n i f i e d  v i e w  o f  t h e  r e g i o n  a r o u n d  1 0 p m  i n d i c a t i n g  t h a t  
c o n s i d e r a b l e  f i n e  d e t a i l  i s  i n  f a c t  p r e s e n t .
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T h e o r e t i c a l  p r e d i c t i o n s  o f  m o l e c u l a r  a b s o r p t i o n  a t  a n y  
w a v e l e n g t h  o f  i n t e r e s t  c a n  b e  m a d e  u s i n g  o n e  o f  s e v e r a l
c o m p u t e r  p r o g r a m s  w r i t t e n  f o r  t h e  p u r p o s e ,  s u c h  a s  t h e  A F C L
L A S E R  p r o g r a m  [ M c C l a t c h e y  1 9 7 8 ] ,  A t t e n u a t i o n  c a u s e d  b y  
m o l e c u l a r  s c a t t e r i n g  c a n  u s u a l l y  b e  n e g l e c t e d  i n  c o m p a r i s o n  
t o  m o l e c u l a r  a b s o r p t i o n .
S c a t t e r i n g  a n d  a b s o r p t i o n  a r e  a l s o  c a u s e d  b y  
a e r o s o l s  a n d  p a r t i c u l a t e  m a t t e r  p r e s e n t  i n  t h e  a t m o s p h e r e .  
T h e  s c a t t e r i n g  i s  g e n e r a l l y  c l a s s i f i e d  a s  b e i n g  e i t h e r
R a y l e i g h  o r  M i e .  R a y l e i g h  s c a t t e r i n g  o c c u r s  w h e n  t h e
w a v e l e n g t h  i s  c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  d i m e n s i o n s  o f  
t h e  s c a t t e r i n g  p a r t i c l e s .  U n d e r  t h e s e  c o n d i t i o n s  s c a t t e r i n g  
e x h i b i t s  a n  i n v e r s e  f o u r t h  p o w e r  d e p e n d e n c e  o n  w a v e l e n g t h ,  
s o  t h a t  f o r  a  g i v e n  p a r t i c l e  s i z e  a t t e n u a t i o n  i n c r e a s e s  
r a p i d l y  a s  t h e  w a v e l e n g t h  i s  r e d u c e d .  M i e  s c a t t e r i n g  
b e c o m e s  t h e  d o m i n a n t  m e c h a n i s m  w h e n  t h e  p a r t i c l e  s i z e  i s  
l a r g e r  t h a n  t h e  w a v e l e n g t h .  I n  t h i s  r e g i o n  t h e  s c a t t e r i n g
i s  i n d e p e n d e n t  o f  t h e  w a v e l e n g t h .
O v e r  e x t e n d e d  p a t h  l e n g t h s  t h e  a e r o s o l  c o m p o s i t i o n  a n d  
c o n c e n t r a t i o n  c a n  v a r y  c o n s i d e r a b l y  m a k i n g  t h e o r e t i c a l  
p r e d i c t i o n s  d i f f i c u l t ,  i f  n o t  i m p o s s i b l e .  C o n s e q u e n t l y  t h e  
a t t e n u a t i o n  c o e f f i c i e n t  i s  o f t e n  p r e d i c t e d  f o r  a  g i v e n  
o p e r a t i n g  s i t e  b y  m e a s u r e m e n t  o f  t h e  v i s u a l  r a n g e ,  w h i c h  i s  
d e f i n e d  t o  b e  t h e  r a n g e  a t  w h i c h  a n  o b j e c t  c a n  j u s t  b e  
p e r c e i v e d  a g a i n s t  t h e  b a c k g r o u n d  w i t h  t h e  u n a i d e d ,  a d a p t e d  
h u m a n  e y e .  T h i s  r e p r e s e n t s  a  c o n t r a s t  d i f f e r e n c e  b e t w e e n  
o b j e c t  a n d  b a c k g r o u n d  o f  a p p r o x i m a t e l y  2%.
The s c a t t e r i n g  c o e f f i c i e n t  can  be r e l a t e d  t o  t h e
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v i s u a l  r a n g e ,  V  ( i n  k i l o m e t r e s )  a t  a  g i v e n  w a v e l e n g t h  ( i n  
m i c r o n s )  b y  t h e  e x p r e s s i o n  [ K r u s e  1 9 6 2 ]
r  3 . 9  r  0  . 5 5  - i  P
° s ° a t  = L v J It  J .....................  ( 2 . 1 6 )
w h e r e  p  = 0 . 5 8 5 V ^  f o r  V  < 6
2 . 6 . 2  A t t e n u a t i o n  b y  P r e c i p i t a t i o n
A t t e n u a t i o n  c a u s e d  b y  r a i n ,  s n o w ,  f o g ,  e t c .  c a n  
r e s u l t  i n  a  s i g n i f i c a n t ,  i f  n o t  t h e  t o t a l ,  d e g r a d a t i o n  o f  
t h e  c a p a b i l i t i e s  o f  a  l a s e r  r a d a r  a n d  w i l l  g e n e r a l l y  p r o v i d e  
t h e  ’ w o r s t  c a s e ’ o p e r a t i n g  c o n d i t i o n s .  T h u s  n o  o p t i c a l  
b a s e d  r a d a r  s y s t e m  o p e r a t i n g  t h r o u g h  t h e  a t m o s p h e r e  c a n  b e  
s a i d  t o  p r o v i d e  t r u e  ’ a l l  w e a t h e r ’ o p e r a t i o n .
I n  a d d i t i o n  t o  t h e  l o s s  o f  t h e  w a n t e d  s i g n a l  b y  
a t t e n u a t i o n  c o n s i d e r a b l e  s c a t t e r i n g  o f  t h e  t r a n s m i t t e d  l a s e r  
b e a m  b a c k  i n t o  t h e  r e c e i v e r  c a n  b e  e x p e c t e d  w h e n e v e r  
s c a t t e r i n g  i s  t h e  d o m i n a n t  a t t e n u a t i o n  m e c h a n i s m .  T h e  
d e g r e e  t o  w h i c h  t h i s  u n w a n t e d  a t m o s p h e r i c  b a c k s c a t t e r i n g  
w i l l  a f f e c t  a l a s e r  r a d a r s  p e r f o r m a n c e  d e p e n d s  o n  a  n u m b e r  
o f  f a c t o r s .  M o s t  s u s c e p t i b l e  a r e  s y s t e m s  e m p l o y i n g  c . w .  
m o d u l a t i o n  s c h e m e s  s i n c e  t h e  r e c e i v e r  c a n n o t  b e  ’ g a t e d 1 t o  
e x c l u d e  t h e  b a c k s c a t t e r  r e t u r n  a s  c a n  b e  d o n e  w i t h  p u l s e d  
s y s t e m s .
V a n  d e  H u l s t  [ 1 9 5 7 ]  h a s  d e r i v e d  e x p r e s s i o n s  w h i c h  
r e l a t e  t h e  s c a t t e r i n g  a n d  a b s o r p t i o n  c r o s s - s e c t i o n s  o f  w a t e r
72
c o m p l e x  r e f r a c t i v e  i n d e x .  F i g . 2 . 8  s h o w s  g r a p h i c a l l y  h o w  t h e
c r o s s - s e c t i o n s  v a r y  a s  a  f u n c t i o n  o f  t h e  d r o p l e t  r a d i u s  f o r
w a v e l e n g t h s  o f  0 . 6 3 ,  3 . 5  a n d  1 0 . 6 p m .
T h e  a t t e n u a t i o n  c o e f f i c i e n t s  c a n  b e  r e l a t e d  t o  t h e  
a t t e n u a t i o n  c r o s s - s e c t i o n s  : -
d r o p l e t s  t o  t h e  d r o p l e t s  r a d i u s ,  t h e  w a v e l e n g t h ,  and t h e
cr =..............7r  r 2  J n ( r )  . Q ( r , X )  . d r  ................................  ( 2 . 1 7 )
w h e r e
Q = s c a t t e r i n g  o r  a b s o r p t i o n  c r o s s - s e c t i o n
r  = s p h e r i c a l  d r o p  r a d i u s
n ( r )  = d r o p  s i z e  d i s t r i b u t i o n
T h e  r e l a t i v e  c o n t r i b u t i o n s  f r o m  a b s o r p t i o n  a n d  s c a t t e r i n g  
c a n  b e  e s t i m a t e d  i n  t h e  i d e a l i z e d  c a s e  o f  u n i f o r m  d r o p l e t  
s i z e  b y  s e t t i n g  n ( r )  e q u a l  t o
w
-----------------5-  .  S ( r )
4 . 7T r 5
3
w h e r e
w = l i q u i d  w a t e r  d e n s i t y  
< 5 ( r )  s  d e l t a  f u n c t i o n
a n d  s u b s t i t u t i n g  i n t o  e q . ( 2 . l 6 ) .  T h e  a t t e n u a t i o n
c o e f f i c i e n t  t h e n  b e c o m e s
Q dB / m g
c r  = 3 . 2 5    ---------- / — 5-    ( 2 . 1 8 )
r  km /  m3
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F i g . 2 . 8  E x t i n c t io n  and a b s o r p t io n  c r o s s -s e c t io n s  as a 
f u n c t io n  o f  w a te r  d r o p l e t  s i z e  ( a f t e r  Chu [ 1 9 6 8 ] )
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I t  i s  a p p a r e n t  f r o m  e q . ( 2 . l 8 )  w h y  f o g  p r o d u c e s  s u c h  s t r o n g  
a t t e n u a t i o n  i n  t h e  o p t i c a l  r e g i o n .  A l t h o u g h  t h e  w a t e r
c o n t e n t  o f  a  t y p i c a l  f o g  i s  a  f a c t o r  o f  1 0  o r  s o  l e s s  t h a n
i n  s a y  a  r a i n  s h o w e r  t h e  d r o p l e t  s i z e  i s  a b o u t  a  f a c t o r  o f
1 0 0 0  l e s s ,  r e s u l t i n g  i n  s i g n i f i c a n t l y  h i g h e r  a t t e n u a t i o n .
F i g  2 . 9  s h o w s  t h e  t o t a l  e x t i n c t i o n  a n d  a b s o r p t i o n
c o e f f i c i e n t s  p l o t t e d  a s  a  f u n c t i o n  o f  w a t e r  d r o p l e t  s i z e .  
T h e  p e a k  o f  e a c h  e x t i n c t i o n  c u r v e  o c c u r s  w h e n  t h e  p a r t i c l e  
s i z e  i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  w a v e l e n g t h .  T h e  ’ Q* o f  a  
c u r v e  d e p e n d s  o n  t h e  r e l a t i v e  m a g n i t u d e s  o f  t h e  s c a t t e r i n g  
a n d  a b s o r p t i o n  c o e f f i c i e n t s .  T h e  c u r v e  f o r  0 . 6 3 p m  s h o w s  a 
v e r y  p r o n o u n c e d  p e a k  s i n c e  s c a t t e r i n g  i s  t h e  d o m i n a n t  
a t t e n u a t i o n  m e c h a n i s m .
A s  c a n  b e  s e e n  f r o m  F i g .  2 . 9  f o r  w a t e r  d r o p l e t  s i z e s  
b e l o w  1 0 p m  ( c o r r e s p o n d i n g  t o  f o g  d r o p l e t  s i z e s  ) ,  t h e  C 0 2 
l a s e r  w a v e l e n g t h  o f  1 0 . 6 p m  g i v e s  t h e  l o w e r  a t t e n u a t i o n .  F o r  
w a t e r  d r o p l e t  s i z e s  a b o v e  1 0 p m  t h e  a t t e n u a t i o n  b e c o m e s  
e s s e n t i a l l y  ' w h i t e '  f o r  t h e  w a v e l e n g t h s  o f  i n t e r e s t  h e r e .  I n  
p r a c t i c e  a  f o g  o r  r a i n  s h o w e r  i s  c o m p o s e d  o f  d r o p l e t s  o f  
v a r i o u s  s i z e s  s o  t h a t  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  n e e d s  
t o  b e  k n o w n  i n  o r d e r  t o  e v a l u a t e  t h e  m e a n  e x t i n c t i o n  
c o e f f i c i e n t .
W h e n  s c a t t e r i n g  i s  t h e  p r i n c i p a l  a t t e n u a t i o n  m e c h a n i s m  
a c o r r e c t i o n  s h o u l d  b e  a p p l i e d  t o  e q . ( 2 . 1 6 )  t o  a l l o w  f o r  
f o r w a r d  s c a t t e r i n g  w h i c h  h a s  t h e  e f f e c t  o f  r e d u c i n g  t h e  
a t t e n u a t i o n  c o e f f i c i e n t  [ C h u  1 9 6 8 3 .
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F i g . 2 .9  E x t in c t io n  and a b s o r p t io n  c o e f f i c i e n t s  as
fu n c t io n  o f  w a te r  d r o p l e t  s i z e  ( a f t e r  Chu [ 1 9 6 8 ] )
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2 . 6 . 3  A t m o s p h e r i c  D i s p e r s i o n  a n d  D e p o l a r i s a t i o n
I n  t h e  c l e a r  a t m o s p h e r e  t h e  e f f e c t s  o f  a t m o s p h e r i c  
d i s p e r s i o n  a n d  d e p o l a r i s a t i o n  a r e  g e n e r a l l y  s m a l l .  B r o o k n e r  
[ 1 9 6 9 3  h a s  c a l c u l a t e d  t h a t  i n  c l e a r  w e a t h e r  a n d  i n  t h e  
a b s e n c e  o f  t u r b u l e n c e  p u l s e  d i s t o r t i o n  d u e  t o  f r e q u e n c y  
d e p e n d e n t  r e f r a c t i v e  i n d e x  v a r i a t i o n s  w i l l  n o t  b e c o m e  
s i g n i f i c a n t  u n t i l  t h e  b a n d w i d t h  i s  o f  t h e  o r d e r  o f  1 0 0 G h z .
W h e n  a  c o l l i m a t e d  l a s e r  b e a m  p r o p a g a t e s  t h r o u g h  a  
r e g i o n  o f  l o w  a t m o s p h e r i c  v i s i b i l i t y  s u c h  a s  f o g  s e v e r a l  
o t h e r  e f f e c t s  o c c u r  i n  a d d i t i o n  t o  a r e d u c t i o n  i n  b e a m  
i n t e n s i t y .  M u l t i p l e  s c a t t e r i n g  o f  t h e  l a s e r  l i g h t  r e s u l t s  
i n  a  d e c o l l i m a t i o n  o f  t h e  b e a m  a n d  a  c o r r e s p o n d i n g  i n c r e a s e  
i n  i t s  s p a t i a l  e x t e n t .  I f ,  f o r  e x a m p l e ,  a  p u l s e d  r a d a r  i s  
u s e d  t h e  m u l t i p l e  s c a t t e r i n g  o f  t h e  b e a m  c a n  a l s o  b r o a d e n  
t h e  t r a n s m i t t e d  p u l s e  s i g n i f i c a n t l y  a n d  t h i s  w i l l  d e g r a d e  
t h e  r a n g e  r e s o l u t i o n .  I n  a d d i t i o n  i f  t h e  v a r i o u s  s c a t t e r e r s  
a r e  i n  r e l a t i v e  m o t i o n  t h e n  a n  i n i t i a l l y  m o n o c h r o m a t i c  b e a m  
w i l l  e m e r g e  w i t h  a  s u p e r i m p o s e d  f r e q u e n c y  s p e c t r u m .  T h e  
m a g n i t u d e  o f  t h i s  D o p p l e r  s p e c t r u m  i s ,  h o w e v e r ,  g e n e r a l l y  
s m a l l .  A n  e x t e n s i v e  o v e r v i e w  o f  w a v e  p r o p a g a t i o n  i n  
s c a t t e r i n g  m e d i a  i s  g i v e n  b y  I s h i m a r u  [ 1 9 7 7 3 .
2 . 6 . 4  T u r b u l e n c e
T u r b u l e n c e  i s  c a u s e d  b y  t h e  c o n s t a n t  m o t i o n  a n d  m i x i n g  
o f  l o c a l  a i r  p o c k e t s  ( e d d i e s )  w i t h i n  t h e  a t m o s p h e r e .  W a r m e r  
a i r  p o c k e t s ,  h a v i n g  l o w e r  d e n s i t y  t h a n  t h e  c o o l e r  e d d i e s  
e x h i b i t  a  l o w e r  r e f r a c t i v e  i n d e x .  A l t h o u g h  t h e  r e f r a c t i v e
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i n d e x  c h a n g e s  a r e  s m a l l ,  b e i n g  t y p i c a l l y  a  f e w  p a r t s  p e r  
m i l l i o n ,  t h e y  m a y  m o d i f y  t h e  p r o p a g a t i o n  c h a r a c t e r i s t i c s  
s i g n i f i c a n t l y .  T h e  v a r i a t i o n s  i n  r e f r a c t i v e  i n d e x  a r e
u s u a l l y  c h a r a c t e r i s e d  b y  t h e  ’ r e f r a c t i v e  i n d e x  s t r u c t u r e
p
p a r a m e t e r '  C n  [ L a w r e n c e  1 9 7 0 ] .
W h e n  p r o p a g a t i n g  t h r o u g h  e d d i e s  m u c h  s m a l l e r  t h a n  t h e
b e a m  d i a m e t e r  a n  o p t i c a l  b e a m  o f  i n i t i a l l y  u n i f o r m  p o w e r
d e n s i t y  w i l l  b e  ’ b r o k e n  u p '  s o  t h a t  t h e  i n t e n s i t y
d i s t r i b u t i o n  a c r o s s  t h e  b e a m  b e c o m e s  a  r a n d o m ,  t i m e - v a r y i n g
p a t t e r n .  T h i s  i s  t e r m e d  s c i n t i l l a t i o n .  T h e  a v e r a g e  s i z e  o f
t h e  i n d i v i d u a l  e l e m e n t s  ( o f t e n  r e f e r r e d  t o  a s  ’ b l o b s ’ )
\h
w i t h i n  t h e  b e a m  i s  a p p r o x i m a t e d  b y ( \ . R )  w h e r e  R i s  t h e  p a t h  
l e n g t h .  A s  t h e  e d d i e s  a r e  i n  c o n s t a n t  m o t i o n  a m p l i t u d e
f l u c t u a t i o n s  m a y  o c c u r  a s  t h e  b l o b  p a t t e r n  m o v e s  a c r o s s  t h e  
r e c e i v e r  a p e r t u r e .  T h e  t e m p o r a l  v a r i a t i o n s  o f  t h e  b e a m  
i n t e n s i t y  a r e  d e t e r m i n e d  m a i n l y  b y  t h e  c r o s s  w i n d  s p e e d ,  
w i t h  f r e q u e n c i e s  u p  t o  2 5 0 H z  b e i n g  r e c o r d e d  [ B r o o k n e r  1 9 7 0 ] .
W h e n  t h e  p r e d o m i n a n t  e d d y  s i z e  i s  l a r g e r  t h a n  t h e  b e a m  
d i a m e t e r ,  b e a m  w a n d e r  ( s o m e t i m e s  r e f e r r e d  t o  a s  t w i n k l i n g  o r  
s p o t  d a n c i n g )  c a n  o c c u r .  I f  t h e  t r a n s v e r s e  b e a m  w a n d e r  a t  
t h e  t a r g e t  s h o u l d  b e c o m e  g r e a t e r  t h a n  t h e  p r o d u c t  o f  t h e  
r e c e i v e r  f i e l d  -  o f  -  v i e w  a n d  t h e  t a r g e t  r a n g e  t h e n  t h e  
r e c e i v e r  w o u l d  n o  l o n g e r  d e t e c t  a n y  s c a t t e r e d  p o w e r .  B e a m  
d e f l e c t i o n s  a r e  h o w e v e r  g e n e r a l l y  s m a l l ,  b e i n g  i n  t h e  r a n g e  
1 - 1 0 0  m i c r o r a d i a n s ,  r e s u l t i n g  i n  a  l a t e r a l  m o v e m e n t  o f ,  f o r  
e x a m p l e ,  a  f e w  c e n t i m e t r e s  a t  a  r a n g e  o f  1 k m  [ D a v i s  1 9 6 6 ] .
F o r  h e t e r o d y n e  d e t e c t i o n  t h e  e f f e c t s  o f  t u r b u l e n c e  
l i m i t  t h e  u s e f u l  c o l l e c t i n g  a p e r t u r e  w h i c h  m a y  b e  e m p l o y e d .
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F r i e d  [ 1 9 6 8 ]  h a s  i n t r o d u c e d  a  p a r a m e t e r ,  r Q? w h i c h  
c h a r a c t e r i s e s  t u r b u l e n c e  i n d u c e d  w a v e f r o n t  d i s t o r t i o n .  F o r  
c o l l e c t i n g  a p e r t u r e s  m u c h  s m a l l e r  t h a n  r Q t h e  SN R o f  t h e  
d e t e c t i o n  p r o c e s s  i m p r o v e s ,  a s  w o u l d  b e  e x p e c t e d  f o r  a 
d i f f r a c t i o n  l i m i t e d  a p e r t u r e ,  i n  p r o p o r t i o n  t o  t h e  s q u a r e  o f  
t h e  d i a m e t e r .  H o w e v e r ,  f o r  c o l l e c t i n g  a p e r t u r e s  m u c h  l a r g e r
t h a n  r Q t h e  S N R  c a n  n e v e r  b e  g r e a t e r  t h a n  a b o u t  3 d B  a b o v e  
t h a t  w h i c h  w o u l d  b e  o b t a i n e d  f r o m  a  r e c e i v e r  d i a m e t e r  e q u a l
t o  r Q . i t  i s  w o r t h  n o t i n g  a t  t h i s  p o i n t  t h a t  t a r g e t  s p e c k l e  
e f f e c t s  m u s t  a l s o  b e  c o n s i d e r e d  w h e n  s e l e c t i n g  t h e  r e c e i v e r  
a p e r t u r e  s i z e  f o r  a  h e t e r o d y n e  r e c e i v e r .
2 . 6 . 5  H i g h  P o w e r  P r o p a g a t i o n
I n  t h e  p r e c e d i n g  s e c t i o n s  a n  u n d e r s t a n d i n g  i m p l i c t  i n  
t h e  d i s c u s s i o n  o f  p r o p a g a t i o n  e f f e c t s  h a s  b e e n  t h a t  t h e  
p r o p a g a t i n g  l a s e r  b e a m  i n  n o  w a y  a f f e c t s  t h e  p r o p a g a t i o n  
m e d i u m .  F o r  v e r y  h i g h  p o w e r  l e v e l s ,  h o w e v e r ,  i t  c a n  b e  
e x p e c t e d  t h a t  t h e  m e d i u m  w i l l  b e ,  t o  s o m e  e x t e n t ,  a l t e r e d  
a n d  h e n c e  t h e  p r o p a g a t i o n  c h a r a c t e r i s t i c s  m o d i f i e d .  W h e n  
t h i s  o c c u r s  i n  t h e  c l e a r  a t m o s p h e r e  i t  i s  t e r m e d  t h e r m a l  
b l o o m i n g  [ W a l s h  1 9 7 8 ] .  P a r t i a l  a b s o r p t i o n  o f  t h e  l a s e r  b e a m  
i n  t h e  m e d i u m  g i v e s  r i s e  t o  l o c a l i s e d  h e a t i n g  a n d  a 
c o r r e s p o n d i n g  p r e s s u r e  i n c r e a s e .  T h e  r e s u l t i n g  d e c r e a s e  i n  
a i r  d e n s i t y  p r o d u c e s  c h a n g e s  i n  l o c a l  r e f r a c t i v e  i n d e x  w h i c h  
t e n d  t o  m a k e  t h e  b e a m  s p r e a d  o u t  o r  ’ b l o o m 1 .
T h e  t h r e s h o l d  l e v e l  f o r  t h e r m a l  b l o o m i n g  t o  o c c u r  i n  
t y p i c a l  a t m o s p h e r i c  c o n d i t i o n s  h a s  b e e n  c a l c u l a t e d  b y  W a l s h  
[ 1 9 7 8 ]  t o  b e  o f  t h e  o r d e r  o f  1 kW ( c o n t i n u o u s  w a v e )  f o r  a  C 0 2
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l a s e r  b e a m .  F o r t u n a t e l y  t h i s  i s  1 t o 2  o r d e r s  o f  m a g n i t u d e  
g r e a t e r  t h a n  p o w e r  l e v e l s  w h i c h  w o u l d  b e  u s e d  f o r  m o s t  l a s e r  
r a d a r  a p p l i c a t i o n s .
H i g h  p o w e r  p u l s e d  l a s e r  t r a n s m i s s i o n  t h r o u g h  f o g  a n d  
c l o u d s  h a s  a l s o  b e e n  i n v e s t i g a t e d  b y  s e v e r a l  w o r k e r s  [ K a f l a s  
1 9 7 3 ,  D u n p h y  1 9 7 7 ,  S u t t o n  1 9 7 8 ] ,  A t  a  w a v e l e n g t h  o f  1 0 . 6 j j m  
S u t t o n  s h o w s  t h a t  a  l a s e r  f l u e n c e  o f  a p p r o x i m a t e l y  
0 . 4 J / s q . c m .  c a n  c l e a r  a  1 k m  p a t h  l e n g t h  i n  h a z y  c o n d i t i o n s ,  
w h e r e a s  4 0 J / s q . c m .  i s  r e q u i r e d  f o r  a  t h i c k  f o g  . A g a i n  
t h e s e  p o w e r  l e v e l s  a r e  s i g n i f i c a n t l y  h i g h e r  t h a n  t h o s e  w h i c h  
w o u l d  b e  u s e d  i n  a l a s e r  r a d a r  s y s t e m .
CHAPTER I I I
SHORT DURATION PULSING OF LASER DIODES
T h e  p u l s e d  s e m i c o n d u c t o r  d i o d e  l a s e r  h a s  s e v e r a l
a t t r i b u t e s  w h i c h  m a k e  i t  i d e a l  f o r  m a n y  s h o r t  r a n g e  a c t i v e
i m a g i n g  a n d  r a n g i n g  a p p l i c a t i o n s .  F o r  i n s t a n c e ,  i t s  s m a l l  
p h y s i c a l  s i z e ,  l o w  c o s t ,  a n d  r e l a t i v e l y  s i m p l e  d r i v e
r e q u i r e m e n t s  e n a b l e  a v e r y  c o m p a c t  t r a n s m i t t e r  a s s e m b l y  t o  
b e  p r o d u c e d .  A n a t u r a l  c o n s e q u e n c e  o f  t h e  r e l a t i v e l y  s h o r t  
o p e r a t i o n a l  r a n g e  o f  s u c h  s y s t e m s  i s  t h a t  e n h a n c e d  r a n g i n g  
a c c u r a c y  a n d  r e s o l u t i o n  a r e  o f t e n  r e q u i r e d .  T h i s  i n  t u r n  
n e c e s s i t a t e s  t h e  g e n e r a t i o n  o f  o p t i c a l  p u l s e s  o f  t y p i c a l l y  
o n l y  a  f e w  n a n o s e c o n d s  d u r a t i o n .
I t  w a s  o b s e r v e d  f r o m  p r e l i m i n a r y  e x p e r i m e n t s  t h a t  w h e n  
o p e r a t i n g  p u l s e d  s e m i c o n d u c t o r  l a s e r s  i n  t h i s  r e g i m e  l a s e r  
t u r n - o n  e f f e c t s  c a n  m o d i f y  t h e  d e v i c e ’ s  p e r f o r m a n c e .  M o s t  
s i g n i f i c . a n t l y , t h e  l a s e r ' s  t h r e s h o l d  c u r r e n t  i n c r e a s e s  w i t h  
r e d u c i n g  d r i v e  c u r r e n t  p u l s e w i d t h .  O u t p u t  p o w e r  a n d  p u l s e  
s h a p e  a r e  a l s o  s t r o n g l y  d e p e n d e n t  o n  t h e  d r i v e  c u r r e n t  
w a v e f o r m  e s p e c i a l l y  n e a r  t h e  t h r e s h o l d  c u r r e n t .
M o s t  o f  t h e  l i t e r a t u r e  p u b l i s h e d  o n  t h e  p e r f o r m a n c e  o f  
s e m i c o n d u c t o r  l a s e r  d i o d e s  h a s  b e e n  p r i n c i p a l l y  c o n c e r n e d  
w i t h  c . w .  d o u b l e  h e t e r o s t r u c t u r e  d e v i c e s  [ C h o w n  1 9 7 3 3 .  A s  
l i t t l e  r e l e v e n t  w o r k  h a s  b e e n  p u b l i s h e d  o n  t h e  p e r f o r m a n c e  
o f  s i n g l e  h e t e r o s t r u c t u r e  l a s e r s  w h e n  p u m p e d  w i t h  s h o r t
3 .1  INTRODUCTION
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K n o w l e d g e  o f  t h e  l a s e r  o u t p u t  p e a k  p o w e r  a n d  t e m p o r a l  
r e s p o n s e  a r e  o b v i o u s  p r e r e q u i s i t e s  i f  t h e  s y s t e m  p e r f o r m a n c e  
i s  t o  b e  a c c u r a t e l y  p r e d i c t e d .  A  m e a n s  o f  r e l a t i n g  t h e  
d r i v e  c u r r e n t  p a r a m e t e r s  t o  t h e  l a s e r  o u t p u t  i s  r e q u i r e d .  
T h i s  i s  t h e  t o p i c  o f  t h e  p r e s e n t  c h a p t e r .  B o t h  e x p e r i m e n t a l  
a n d  t h e o r e t i c a l  s t u d i e s  h a v e  b e e n  u n d e r t a k e n .  A n  a u t o m a t e d
m e a s u r e m e n t  s y s t e m  c a p a b l e  o f  r e c o r d i n g  b o t h  t h e  d r i v i n g
c u r r e n t  a n d  o p t i c a l  w a v e f o r m s  w a s  c o n s t r u c t e d .  D u r i n g  t h e  
c o u r s e  o f  t h i s  e x p e r i m e n t a l  w o r k  i t  b e c a m e  a p p a r e n t  t h a t  
t e m p o r a l  v a r i a t i o n s  w e r e  p r e s e n t  a c r o s s  t h e  b e a m .  A
d e t a i l e d  e x a m i n a t i o n  o f  t h i s  p h e n o m e n o n  i s  o u t s i d e  t h e  s c o p e  
o f  t h i s  p r e s e n t  w o r k ;  h o w e v e r  a  b r i e f  i n s i g h t  i n t o  t h e
e f f e c t s  o b s e r v e d  a r e  g i v e n  i n  A p p e n d i x  3 . 1 .
A  c o m p u t e r  s i m u l a t i o n ,  w r i t t e n  i n  F O R T R A N 7 7  a n d
i m p l e m e n t e d  o n  t h e  U n i v e r s i t y ’ s  c e n t r a l  c o m p u t e r s ,  h a s  b e e n  
d e v e l o p e d  w h i c h  e n a b l e s  a  l a s e r ’ s  p e r f o r m a n c e  t o  b e  
p r e d i c t e d  u n d e r  a  v a r i e t y  o f  o p e r a t i n g  c o n d i t i o n s .
C o m p a r i s o n  o f  t h e  p r e d i c t e d  a n d  m e a s u r e d  r e s p o n s e s  s h o w s  
g o o d  a g r e e m e n t .
3 . 2  T H E  E X P E R I M E N T A L  S Y S T E M
A c o m p u t e r  c o n t r o l l e d  d a t a  a c q u i s i t i o n  s y s t e m  f o r  
r e c o r d i n g  b o t h  c u r r e n t  i n t o ,  a n d  o p t i c a l  p u l s e s  g e n e r a t e d  
b y ,  t h e  l a s e r  u n d e r  t e s t  w a s  s e t  u p ;  i t  i s  s h o w n  i n
F i g . 3 . 1 .  A  d e s k t o p  m i c r o c o m p u t e r  ( H e w l e t t  P a c k a r d  H P 8 5  ) 
c o n t r o l s  t h e  o p e r a t i o n  o f  t h e  s y s t e m  v i a  a n  I E E E - 4 8 8
d u r a t i o n  c u r r e n t  p u l s e s  t h i s  p r e s e n t  s t u d y  was i n i t i a t e d .
i n s t r u m e n t a t i o n  d a t a  b u s .  A d u a l  beam s a m p l i n g  o s c i l l o s c o p e
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(  T e k t r o n i x  7 7 0 4  w i t h  S 1 4  s a m p l i n g  p l u g - i n  )  i s  u s e d  t o  
s a m p l e  b o t h  c u r r e n t  a n d  o p t i c a l  w a v e f o r m s .  T h e  c o m p u t e r
s t e p s  t h e  t i m e  b a s e  o f  t h e  o s c i l l o s c o p e ,  v i a  t h e  d i g i t a l  t o  
a n a l o g u e  c o n v e r t e r  t h r o u g h  e a c h  w a v e f o r m  i n  t u r n .  A t  e a c h  
s t e p  t h e  a m p l i t u d e  o f  t h e  w a v e f o r m  i s  r e c o r d e d  b y  a  7  d i g i t  
d i g i t a l  v o l t m e t e r  ( S o l a t r o n  n o .  7 0 6 0 ) .  T h e  p r o p a g a t i o n
d e l a y s  a l o n g  t h e  c a b l e s  CA1 a n d  C A 2  w e r e  m a t c h e d  t o  b e t t e r  
t h a n  0 . 5 n s  s o  t h a t  a c c u r a t e  r e l a t i v e  t i m e  m e a s u r e m e n t s  c o u l d  
b e  m a d e  b e t w e e n  t h e  c u r r e n t  a n d  o p t i c a l  w a v e f o r m s .  E a c h
w a v e f o r m  i s  s t o r e d  o n  c a s s e t t e  t a p e  f o r  l a t e r  a n a l y s i s .
F i g . 3 .1  Las er  c u r r e n t  p u ls e  and o p t i c a l  p u ls e  m easurem ent  
system
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T h e  p h o t o d e t e c t o r  i s  a  s i l i c o n  a v a l a n c h e  p h o t o d i o d e  
w i t h  a n  a c t i v e  d i a m e t e r  o f  0 . 2 m m .  T h e  b i a s  v o l t a g e  
( a p p r o x i m a t e l y  1 6 0  v o l t s  )  i s  a p p l i e d  v i a  a  b i a s e d  t e e  
c o u p l e r  f r o m  a s t a b i l i z e d  h i g h  v o l t a g e  s u p p l y .  T h e  c o m b i n e d  
r i s e t i m e  o f  t h e  p h o t o d e t e c t o r  a n d  s a m p l i n g  o s c i l l o s c o p e  w a s  
e s t i m a t e d  t o  b e  a p p r o x i m a t e l y  4 0 0 p s .  A  c o l l e c t i n g  l e n s  
c o u l d  b e  p l a c e d  i n  f r o n t  o f  t h e  p h o t o d e t e c t o r  s o  t h a t  m o s t  
o f  t h e  l a s e r  o u t p u t  w o u l d  b e  s a m p l e d  o r  a l t e r n a t i v e l y  
w i t h o u t  t h e  l e n s  t h e  d e t e c t o r  a l o n e  c o u l d  p r o b e  a  s m a l l  p a r t  
o f  t h e  l a s e r  o u t p u t .
T o  o b t a i n  t h e  a b s o l u t e  v a l u e  o f  t h e  p e a k  o p t i c a l  
o u t p u t  t h e  a v e r a g e  o p t i c a l  p o w e r  w a s  m e a s u r e d ,  u s i n g  a  l a r g e  
a r e a  s l o w  r e s p o n s e - t i m e  p h o t o d e t e c t o r  w h i c h  e n s u r e d  t h a t  a l l  
t h e  o p t i c a l  o u t p u t  w a s  c o l l e c t e d .  F r o m  a  k n o w l e d g e  o f  t h e  
o p t i c a l  p u l s e  s h a p e  a n d  t h e  p u l s e  r e p e t i t i o n  r a t e  t h e  
i n s t a n t a n e o u s  o p t i c a l  p o w e r  w a s  t h e n  d e t e r m i n e d .
T h r e e  c o m m e r c i a l  l a s e r  d i o d e  p u l s e r s ,  F i g . 3 . 2 ,  w e r e  
u s e d  i n  t h e  e x p e r i m e n t s .  T h e  c h a r a c t e r i s t i c s  o f  t h e  p u l s e r s  
a r e  l i s t e d  i n  T a b l e [ 3 . 1 ] .
M a n u f a c t u r e r M o d e l  N o . P u l s e w i d t h
( n s )
M a x . 
C u r r e n t  ( A )
P o w e r  T e c h n o l o g y I L 4 0 C 1 0 4 5
A v t e c h A V O - P 3 5 5 0
A v t e c h A V 0 - 3 A - P 3 7 0
T a b l e  3 . 1  L a s e r  P u l s e r s
a) Power Technology model no. IL30C 10-P8 p u ls e r
b) Avtech model no. AV0-3A-P p u ls e r
F ig .  3 .2  Commercial l a s e r  d iode  c u r r e n t  p u ls e rs
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For all three pulsers the output current could be 
varied although the pulsewidth was fixed. The Power 
Technology pulser was equipped with a current monitoring 
facility whereas the Avtech pulsers required a small-value 
resistor in series with the laser to act as a current 
sensing device. Physically this resistance was obtained by 
the parallel connection ( to reduce lead and package 
inductance ) of three 1 ohm resistors. A coaxial connection 
across the composite resistance was made directly to the 
sampling oscilloscope. Owing to the low impedance of the 
current sensing resistance this connection acts essentially 
as a voltage probe.
Four single heterostructure pulsed laser diodes, with 
threshold currents (for a 200ns pulse duration) ranging from 
5-22A have been examined. The details of the lasers are 
given in Table [3.2].
Manufacturer Laser Type Threshold 
Current (A)
Max. Rated 
Power Output
ITT LA1-02 5.5 A -
RCA SG2007 13.5 10W @ 40A
LDL LD65 13 10W § 40A
LDL LD67 22 18W § 60A
Table 3.2 Laser Diode Characteristics.
Each laser was operated in conjunction with each 
pulser at various peak currents. The results obtained are
presented in section 3.4 where they are compared with 
theoretically predicted results.
In addition to the results obtained with the 
measurement system described above a series of measurements 
was carried out with an electro-optic streak camera. The 
time resolution of the streak camera was in the range 
10-100ps so that little temporal smoothing of the laser 
output occurred on the higher time resolution ranges [Hull 
1980]. As a streak camera produces a two-dimensional 
intensity modulated output of time versus spatial position a 
linear array CCD was used to record the temporal output from 
the camera faceplate. These results are also presented in 
section 3.4.
3.3 THEORETICAL RESULTS
3.3.1 The Rate Equations
The time behaviour of the photon density in a 
semiconductor laser is related to the excess carrier 
concentration and hence to the pumping current density by 
means of the coupled rate equations [Adams 1973, Tucker 
1981, Thompson 1980] :-
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where
Ng = carrier concentration in the active region 
J = drive current density 
d = recombination width
Ts = spontaneous relaxation time of electrons 
A = proportionality constant 
Ngb = background electron density required for 
positive gain 
Np = photon density 
Tp = average photon lifetime
/3 = probability of a spontaneously emitted electron
radiatively combining into the lasing mode 
q = electronic charge
When using these equations the following simplifing 
assumptions were made
1 .... the gain coefficient was assumed to be linearly 
related to the free electron carrier density above a 
background level of An approximate value for Nep can
be calculated from the curves given by Kressel [19773. For
pundoped GaAs a current density of approximatly 4000A/cm /pm 
is required to achieve a positive gain coefficient at 300 K. 
Hence from eq.(3.1) we have, since ND=0 below
r
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t h r e s h o l d
J
Neb T ( 3 . 3 )q. d s
For instance, for Tg = 5ns (see below) and d = 2pm (the 
cavity height of the 5.5A threshold ITT laser diode used in 
the measurements) we obtain :-
2 .... only a single mode is presumed to be lasing. 
Experiments show that this is clearly not the case in a 
practical laser diode. However, the assumption does enable 
an approximate prediction of the laser output to be 
obtained.
3 .... the electron and photon time constants are assumed 
to be independent of carrier concentration.
A measure of the electron lifetime can be obtained by 
observing the decay time of the optical output when the 
device is excited with a low-level (i.e. less than 
threshold ) current impulse. Alternatively the diode may be 
modulated with a low-level c.w. signal and the -3dB point 
determined. The electron lifetime is then :-
Neb 6 . 1 0 17 cm“ 3 (3.4)
T (3.5)s wc
where wc is the measured cut-off angular frequency
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Using this second approach a value of approximately 
5ns was obtained for the carrier lifetime of the same laser.
The photon lifetime is defined as the average time a 
photon remains within the optical cavity before it is either 
emitted through the end facets or is lost through 
absorption.
The photon lifetime can be expressed as [Kressel 
19771:-
Tp = (  c . . ( a +  L " 1 . In R- 1 ) ) - 1   (3.6)
where L = cavity length (cm) ( .04cm for 5.5A laser)
R = mirror reflectivity (assumed to be the 
same for both mirrors at 0 . 3 2 ) 
n = refractive index, assumed to be 3.5 for GaAs
  _ ioc = absorption coefficient ( typically 10 cm )
substituting values we obtain :~
Tp «  3 ps ............ (3.7)
Using the rate equations under the above assumptions a 
computer program was developed which enables the laser's 
temporal response to be predicted under a wide variety of 
operating conditions. The program enables the user to vary 
all the parameters in eq(3 .1),(3 .2 ) and also to specify the 
characteristics of the drive current waveform. A full
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description of the program together with a listing is given 
in Appendix 3.2.
3.3.2 Prediction of Laser Performance
All the predicted responses given in this section have 
been calculated for a laser threshold current of 5.5A (the 
threshold of the ITT laser used in the measurements).
3.3.2.1 Laser Temporal Response
The discussion here will be limited to half-sine 
current pulse waveforms so that direct comparisons can be 
made with the experimental results. Three predicted laser 
output waveforms are shown in Fig.3.3 for 4ns, 25A; 16ns,
35A ; and 40ns, 35A half-sine drive current pulses.
As can be seen from Fig.3.3 after a delay which
depends on the peak current ( see section 3 -3 .2 .4) a very
fast rising optical pulse occurs. A damped high frequency
oscillation then occurs which dies away within a period
approximately equal to the spontaneous relaxation time. The 
frequency of this oscillation is given by [Kressel 19771
f *  _1_ .[■+_ - l A  .........  (3 .8)
2 7T V  V p  L I t  v
where
Ip = peak drive current (A)
It = ’long pulse’ threshold current (A)
These high frequency oscillations are not normally visible 
when the laser output is observed with a photodiode based
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Fig. 3.3(a) Predicted laser output for half-sine current 
pulse. Drive current 25A, 4ns basewidth duration.
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Fig. 3.3(b) Predicted laser output for half-sine current 
pulse. Drive current 35A, 16ns basewidth duration.
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Fig. 3 .3(c) Predicted laser output for half-sine current 
pulse. Drive current 35A, 40ns basewidth duration.
receiver. Firstly, in general the bandwidth of the receiver 
will not be sufficient to reproduce the detected signal 
faithfully. Secondly, shot-to-shot variations in the laser 
output tend to mask the presence of the oscillations.
Damping is provided by the spontaneous emission term 
Values of 0 used by other workers [Kressel 1977, Goodwin 
1982, Boers 1975] are in the range 10~^ to 10“2 . A value of 
0 . 00 2 for /3 was chosen for this study since it gave the best 
correlation between the predicted responses and those 
obtained with a high speed streak camera recording of the 
laser output.
Once the laser turn-on effects have diminished the 
laser output follows the shape of the modulating current 
waveform, Fig.3.3(c).
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Drive current versus optical power transfer 
characteristics have been calculated for both rectangular 
and half-sine current pulses of various pulsewidths. The 
results were obtained by running the laser simulation 
program and automatically varying the peak current in 1A 
steps between 0 and 40A for each pulse duration. The rate 
equations were solved for each peak current and pulsewidth 
and the corresponding peak power and pulse energy obtained.
The predicted variation of peak optical power versus 
applied current for different pulse durations is shown in 
Figs.3*4,3.5 for rectangular and half-sine pulses 
respectively. It is evident in both cases that the peak 
current required to attain stimulated emission increases as 
the pulsewidth is reduced. For a rectangular current pulse 
of duration t it follows from eq(3 .1) that the required 
current to achieve stimulated emission is given by
3 . 3 . 2 . 2  D r i v e  C u r r e n t - O p t i c a l  Po w e r  T r a n s f e r  C h a r a c t e r i s t i c
where
I t= — --- — .....    (3.9)
(1 - exp(-t /Ts))
Iteff = effective threshold current for a drive
current of pulsewidth t
Stimulated emission occurs when the carrier density 
within the cavity reaches the threshold level, N0th.
This corresponds to a charge level of :-
X10 J
Fig. 3.4 Transfer characteristic for rectangular drive 
pulse.
X10 1
F i g .  3 . 5  T r a n s f e r  c h a r a c t e r i s t i c  f o r  h a l f - s i n e  d r i v e  p u l s e .
■
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to achieve lasing.
From eq(3.9) it is apparent that for pulse durations 
much shorter than the spontaneous relaxation time the 
injected charge level at threshold is (I,.T ). For pulse
u  S
durations comparable with Tg the injected charge must be 
increased to
I fc
 --------------  . t    ( 3 . 1 1 )
(1 - exp(-tpw/Ta)) PW
For a half-sine drive current pulse the effective 
threshold current is increased compared to a rectangular 
pulse of the same duration. For pulse durations 
approximately equal to or less than the spontaneous 
relaxation time the threshold increases by a factor of f t / 2 
(the ratio of the areas of a rectangular and half-sine pulse 
) .
The transfer characteristic for the rectangular drive 
current pulse is composed of two parts. At threshold the 
laser turn-on delay is approximately equal to the drive 
current pulse duration. For peak currents just in excess of 
threshold the current pulse terminates before the first 
oscillation of the laser output is completed. Hence the 
optical output does not reach its maximum (long pulse ) 
value. However, when the peak current is increased only
I t  . T s ......................  ( 3 . 1 0 )
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slightly further, the time delay reduces and the laser 
output rises rapidly and soon attains its long-pulse value. 
Beyond this point, which occurs at approximately constant 
charge, the laser output becomes independent of pulse 
duration.
3.3.2.3 Effect of Biasing the Laser
The increase in threshold current required when short 
duration current pulses are used to pump the laser causes a 
significant reduction in output power. Increasing the peak 
drive current to compensate for this is not an attractive 
proposition since the rate of change of current soon becomes 
excessive. However, an alternative approach can be adopted 
which enables the threshold electron density to be reached 
without ’wasting* the pumping current. A current of
amplitude slightly less than the threshold current is 
applied, which raises the electron concentration close to 
threshold. A high-speed current pulse is then superimposed 
on this bias current. In practice a d.c. bias current 
cannot be used owing to power dissipation limitations, 
however a bias current can be applied for up to 200ns
without any detrimental effects. This allows more than 
sufficient time for the electron density to reach an 
equilibrium level.
Figs. 3 .6 (a) , (b) show the predicted response of a 5.5,A 
laser biased to 90% of threshold and pulsed with a 10A, 1ns 
duration, and a 20A, 0.5ns duration half-sine current pulse.
J u s t  s u f f i c i e n t  c h a r g e  i s  i n j e c t e d  by t h e  10A c u r r e n t  p u l s e
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Fig. 3.6(a) Theoretical response of a 5.5A threshold laser 
biased at 90 percent of threshold and pumped with a 10A, 1ns 
half-sine pulse.
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Fig. 3.6(b) Theoretical response of a 5.5A threshold laser 
biased at 90 percent of threshold and pumped with a 20A, 
0 .5ns half-sine pulse.
Tim© (■ nanoseconds ) X10"*1
Fig.3.6 (c) Theoretical response of a 5.5A threshold laser 
biased at 90 percent of threshold and pumped with a 20A, 
1ns half-sine pulse.
to produce a single optical pulse. To achieve the same peak 
optical power without biasing, a peak current of over 50A 
would have been required. If the charge injected by the 
pumping pulse is increased then multiple oscillations 
might occur, Fig.3.6 (c).
It should be noted that the laser’s temporal output is 
not now directly dependant on the pumping current pulseshape 
since the laser never reaches equilibrium. Therefore shot- 
to-shot variations in pulseshape, evident when operating 
with long duration current pulses, should not now occur.
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3 . 3 . 2 . 4  Time D e l a y
A time-delay exists between the application of the 
current pulse and the occurrence of the laser output. An 
expression for the time-delay (td) can be obtained from 
eq.(3.1). Since the device is operating below threshold 
until the photon density Np is approximately zero and
eq.(3 .1) simplifies to
dNe J Ne— e - --- ........... (3.12)
dt q.d Ts
The carrier concentration (Ne) above threshold is ’clamped' 
at a constant value (after any turn-on effects have 
diminished ) just sufficient to provide enough gain to 
overcome the optical losses. The time behaviour of the 
carrier concentration until threshold is reached, is, from 
eq .(3 -12) : —
J T (1 - exp(-t/T ))
N (t) =    s   (3.13)
6 q.d
The time-delay for the carrier concentration to reach N ..e th
is: -
td = T ln f—j ........  (3.14)
L v + J
Considerably longer time delays may be encountered in 
practice owing to the non-zero risetime of the current 
waveform. Fig.3.7 shows the computed time delays for a
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Time Delay < nanoseconds )
Fig. 3.7 Time delay versus peak drive current for half-sine 
pulse.
11L0>o
CL
Fig. 3.8 Relative time delay for a 5.5A threshold laser 
driven in 1A increments above threshold.
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number of different pulsewidth half-sine shaped current 
pulses together with experimentally measured delays, as a 
function of peak drive current. The laser threshold current 
was 5.5A. Particulary good agreement is found between the 
measured and predicted delays for the Avtech pulser although 
for the Power Technology pulser measured delays were some
2-3ns longer than predicted.
A series of measured temporal responses obtained from 
the 5.5A threshold laser as the drive current was 
progressively increased above threshold is shown in Fig.3.8 .
3.4 COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS
3.4.1 Streak Camera Receiver
Figs.3.9,3.1 0 show the temporal response of the 5.5A 
threshold laser when driven with the Power Technology and 
short-pulse duration pulsers as taken with the streak 
camera. The peak drive currents were 25A and 35A and the 
time resolution 10ps and 80ps respectively. Since the 
streak camera makes a recording of a single optical pulse no 
pulse - to -pulse integration effects are present in 
Figs.3.9,3.10. The oscillations in the laser output 
predicted by theory are now clearly visible.
The corresponding theoretically predicted results are 
shown in Fig.3 .3(a),(b). As can be seen there is good 
agreement between the two sets of results.
Fig.3.11 shows the shortest optical pulse which was 
recorded ( «  90ps FWHM); it was generated with the laser
F ig .  3 .9  S tre a k  camera re c o rd in g  o f  l a s e r  o u tp u t .  D r iv e  
c u r r e n t  25A, 4ns, b asew id th  p u ls e .  Time s c a le  -  360ps per
m ajor d i v i s i o n .
\ h
F ig .  3 .1 0  S tre a k  camera re c o rd in g  o f  l a s e r  o u tp u t .  D r iv e  
c u r r e n t  35A, 16ns, basew id th  p u ls e .  Time s c a le  -  2 .3 n s  per
major d i v is i o n .
F ig .  3 .1 1  S tre a k  canera  re c o rd in g  o f  s h o r te s t  observed  
l a s e r  p u ls e .  Time s c a le  -  360ps per m ajor d i v i s i o n .
operated near threshold and driven with the short-pulse 
duration Avtech pulser.
3-4.2 Photodiode Receiver
In practice the limited bandwidth of the optical 
receiver used to detect the laser radiation will, of course, 
modify the observed signal. Fig.3.12 shows the predicted 
variation of peak optical power versus applied current, for 
half-sine current pulses of various pulsewidths, as would be 
perceived by a optical receiver of 400ps risetime. Again 
the calculations have been based on a laser with a threshold 
current of 5.5A. Also shown on the plot are experimentally 
obtained data points for the short-pulse duration Avtech and 
Power Technology pulsers.
The integrated optical outputs (ie the pulse energy) 
have also been obtained both experimentally and 
theoretically, the results obtained are shown in Fig.3.13.
As can be seen from these Figures there is good 
agreement between the theoretical and experimental data.
Fig.3.14 shows the predicted temporal output when 
viewed with an optical receiver of risetime 400ps. The 
laser peak current is 25A and the pulse durations 5ns 
(Fig.3.14(a)) and 16ns (Fig.3.14(b)). The corresponding 
measured responses as obtained from the pulse shape data 
acqusition system described earlier are shown in Fig.3.15 (a 
summary of the other results obtained during the measurement 
programme are presented in Appendix 3.3).
For the short duration pulser very good agreement is
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a  Power Technology Pulser 
□ Avtech Pulser
Exp er im enta l  Data  P o i n t s  :
2 ns Pulsewidth •
rrmrTrp-n Trrrrrp m i  m i )
15 20 25 30 35 40
Peak Drive Current <A)
16 ns
Fig.3.12 Transfer characteristic for half-sine drive pulse 
and receiver risetime of 400ps.
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Peak Drive Current <A)
Fig.3.13 Integrated optical output characteristic for 
half-sine shaped drive pulse.
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X10 1
Time ( nanoseconds )
drive current - half-sine pulse 25A 5ns duration
XI0 1
b) drive current - half-sine pulse 25A 16ns duration
F i g . 3 . 1 4  L a s e r  t e m p o r a l  r e s p o n s e  -  r e c e i v e r  r i s e t i m e  4 0 0 p s
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a) Avtech short pulse duration pulser - peak current 25A
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TIME ns
b) Power Technology pulser - 25A peak current 
Fig.3.15 Measured laser temporal response
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(approximately 2ns) turn-on delay times. The basewidth of 
both predicted and measured pulses also agrees well. Slight 
shot-to - shot variations (visible on a 275MHz real-time 
oscilloscope as a blurring of the pulse) are averaged out by 
the sampling oscilloscope and consequently no ’ringing’ is 
observed in the measured pulse. However if the oscillations 
on the predicted pulseshape are smoothed out then the 
resulting pulse envelope agrees well with the measured 
response (see dotted curve).
With the Power Technology pulser again allowing for 
the pulse - to-pulse variations, the overall pulseshape shows 
good agreement. However the turn-on delay is some 2-3ns 
longer in the measured than in the predicted case. The 
measured optical pulse also continues to lase after 
termination of the current pulse (this occurred with all the 
lasers when operated with the Power Technology pulser) 
indicating a possible time delay between the current pulse 
appearing at the pulser current monitor and laser sockets.
3.5 SUMMARY
A computer program has been written which solves 
numerically the coupled rate equations describing the 
behaviour of a laser diode. Using this program the 
theoretical performance of these devices has been examined 
in detail.
The results of the analysis have been compared with an 
extensive set of measurements of the behaviour of a number
f o u n d  b e t w e e n  t h e  p r e d i c t e d  ( 2 . 3 n s )  and m e a s u r e d
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of lasers under extremely fast pulsing conditions. The 
agreement has been found to be startlingly good. The idea 
of an effective threshold current, dependent on the temporal 
characteristics of the pumping current pulse, has been 
introduced which gives a more realistic estimate of the 
laser output power. The technique of pre-biasing the laser 
close to threshold before applying the short duration 
current pulse has been studied with the aid of computer 
simulation. Significant improvements in performance result 
in using this method of laser pumping.
An automated data acquisition system for sampling both 
the current and optical waveforms has been described which 
was used extensively in collecting much of the experimental 
data.
In conclusion, the behaviour of pulsed single 
heterojunction semiconductor diode lasers, when pumped with 
short duration current pulses, can now be estimated with a
greater degree of certainty. This in turn allows the
performance of laser diode rangefinders and imagers
operating with nanosecond duration drive current pulses to
be predicted with confidence.
CHAPTER IV
This chapter describes in detail the design and 
subsequent construction of a prototype terrain mapping and 
analysis system. An initial short feasibility study 
indicated that a semiconductor laser diode based system 
could meet the requirements specified by the project 
sponsors. The main objectives of designing this prototype 
equipment were twofold. Firstly, experience was required in 
the techniques necessary to design such an instrument before 
a fully engineered system was embarked upon. Secondly, as 
active imaging is very much in its infancy little 
information is currently available on the operational 
effectiveness of such systems in realistic environments. 
The prototype would provide such data from a wide variety of 
different targets and terrains. This database could then be 
used to evaluate the effectiveness of scene analysis 
algorithms which might ultimately be incorporated in the 
terrain mapper.
Ultimately the sensor will be incorporated on a 
’roving’ robotic vehicle and will provide navigational 
information. There is no requirement therefore to produce a 
pictoral display for interpretation by a human observer, so 
this topic is not covered here. The design philosophy then
A LASER BASED TERRAIN MAPPER
4 . 1  INTRODUCTION
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has been to develop a static tripod-mounted optical assembly 
and associated electronics with the emphasis on providing a 
means for flexible acquisition of the range data. Areas 
such as high speed scanning of the laser beam and 
stabilization of the optical assembly, which would be 
required for a fully engineered instrument, have 
consequently not been investigated in this phase of the 
study.
The operational range requirements of the terrain 
mapper can be subdivided into two regions. For short and 
intermediate ranges (up to 2 5m) the equipment should be
capable of measuring the local terrain slope. For longer
ranges, where slope measurement is not practical, an 
obstacle detection capabilty is required.
The local terrain slope can be estimated by obtaining 
the range to the terrain location of interest, incrementing 
the beam pointing direction in the plane in which the slope 
is required, and performing a second range measurement. The 
geometrical arrangement is shown diagramatically in Fig.4.1. 
The accuracy to which the terrain slope can be obtained is 
dependent on both the angle-pointing uncertainty and range 
measurement uncertainty. An analysis of how these factors 
affect the terrain mapper accuracy as a function of scanner 
height and range is given in Appendix 4.1. For terrain 
slope estimations in the range of interest here a ranging
accuracy of the order of 15cm and an angle-pointing accuracy 
of 2 arc min are found to be required.
The o p e r a t i o n a l  p e r f o r m a n c e  o f  t h e  i n s t r u m e n t
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R2*SIN(0+NZD ~ R 1 * S IN (0) 
R l*C O S(0) -  R 2*C 0S(0+A 0)
LOCAL TERRAIN SLOPE =
H-----------  R2*C0S <0+a0) -------------------- ——H
h<---------------- R1*COS(0) --------------------— —  -----------------------------
Fig.4.1 Terrain slope estimation
described here is discussed in the following chapter.
4.2 THE RANGE MEASUREMENT
Several potential ranging techniques were briefly 
examined, including ultrasonic, millimetre wave, and 
optical. The first two candidates were rejected since 
neither could provide the required spatial resolution with 
an aperture of acceptable size. Although range information 
can be deduced from passive optical images ( using, for 
example, steroscopic images [McVey 19831) these systems are 
cumbersome and require extensive signal processing to 
extract the range data. An active optical system can 
provide range directly and is eminently suitable for the 
application being considered here.
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The choice of laser source for this application is 
quite straightforward. The pulsed single hetrojunction 
laser by virtue of its small size, low cost, and simple 
power supply requirements is ideally suited.
To obtain range information the laser source must be 
modulated. Two obvious approaches suggest themselves
1) Continuous wave amplitude modulation
2) Time-of-flight pulse ranging
4.2.1 Amplitude Modulation
By continuously modulating a c.w. laser source with a 
repetitive waveform and performing a phase comparison 
between the transmitted and received signals range 
information can be extracted. For unambiguous ranging the 
modulating wavelength must be greater than twice the maximum 
range of operation. Typical modulating frequencies for 
short range terrain analysis applications would be in the 
region of a few megahertz. Given that a phase accuracy of 
0 .5° can be achieved with reasonable care then a range 
accuracy of about 15cms could be obtained.
Although an acceptable range accuracy can be readily 
achieved, the c.w. method has two serious drawbacks.
Firstly for a sinusoidally modulated carrier it is not 
possible to detect multiple reflections. For example, 
consider the situation where the laser beam partially 
intercepts a target with the remainder of the beam
propagating to the terrain some distance behind. The sensor
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would erroneously interpret this as a single target located 
at some range between the two sources of reflection.
A second more fundamental shortcoming arises from the 
optical detection process itself. Photodetectors are 
inherently ’square law’ devices, that is their output 
voltage is proportional to the square of the incident 
electric field. For the c.w. case the optical 
signal-to-noise ratio ( i.e. that prior to detection ) is 
low, since a low peak-power signal is embedded in wideband 
background noise. Only after detection can the wideband 
noise be effectively rejected.
The output signal plus noise after detection (sd + nd) 
is related to the input signal plus noise nd ) for a
photodetector by
sd + n d = s ±2 + n ±2 + 2 s i n i   ( 4 . 1 )
hence the signal-to-noise ratio after detection can be 
expressed as
2
S rJ S ,d 1
2n, 2 s.n. + n.d i i i
 (4.2)
When the input signal-to-noise ratio is much less than unity 
then eq.(4.2) reduces to
 ( 4 . 3 )
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It is evident from eq.(4.3) that when the SNR is poor ( i.e. 
less than unity ) the detection process degrades it. 
However, when its good the input and output SNR’s are 
linearly related
—  = ——i—  (4.4)
nd 2 ni
Hence to maintain the signal-to-noise ratio after detection 
a high peak power is advantageous. Input SNR’s will be, for 
a c.w. scheme of average power (pav), lower by a factor of
[PSi*  (4.5)
Pav
compared with a pulsed modulation system of equal average 
power.
4.2.2 Pulsed Ranging
Time-of-flight pulse ranging has been used extensively 
in the past for a number of ranging applications, and in 
particular for military rangefinders operating at ranges in 
excess of 5 kilometres. At these distances a range accuracy 
of a few metres is usually adequate. Typically the time 
delay between transmission and reception of -the leading edge 
of the laser pulse is measured using some form of time 
interval counter. At shorter ranges where a greater range 
accuracy is required the clock pulse counting method becomes 
difficult owing to the high clock frequency involved. An
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alternative approach, adopted here, is to use a linear ramp 
(triggered on transmission and terminated on reception) to 
perform a time-to^-voltage conversion.
Operation in the time domain allows multiple target 
returns to be detected easily providing the target 
separation is greater than
c. t
—   (4.6)
2
where t is the laser pulsewidth
As in the c.w. scheme, the maximum repetition rate of the 
modulating waveform should be less than the reciprocal of 
the two-way propagation time to avoid ambiguities. The 
maximum pulse repetition frequency ( p.r.f.) is therefore
p ‘r'f' (max.) = ~ ......   <'••7)
2 max
4.2.3 The Range Equation
The received optical power from an extended Lambertian 
scatter will, if all the received power is detected, obey an 
inverse square-law range dependency. The range equation for 
this case takes the following form
Pf Tf A„p Cos# exp(-2 cr R)
■ -    3............   (4.8)
R
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w h e r e
Ps r r e c e i v e d  s i g n a l  pow er  (W)
Pt peak transmitter power (W) 
area of receiving optics (m ) 
diffuse target reflectivity
Ar
P
Tt transmittance of transmitter optics 
target/laser beam angle 
extinction coefficient (m_1 )cr
R range to target (m)
If the target intercepts only part of the transmitted beam 
then the received power as predicted by eq.(4.8) should be 
reduced by a factor of
where
At = target area
0 j. = transmitted beam full angle divergence
If the receiver is focused for all ranges of interest then
the optical power intercepted by the photodetector is
where Tr is the transmittance of the receiving optics. The 
square-law nature of the optical detection process results 
in an output signal current (i ) from the photodetector of
t
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i P sd  n eR« G ( 4 . 1 0 )s
w h e r e
Re = photodetector responsivity 
G = pre-detection gain
and an output voltage developed across a load resistance RP
of
vs Psd G Re Rp (4.11)
It is informative at this stage to substitute some typical 
values into eq.(4.11) and (4.9) in order to estimate the 
magnitude of the photodetector output voltage.
In order to gain an appreciation of the likely 
variations of terrain reflectivity as a function of aspect 
angle, target reflectivity data has been collected for a 
number of both man-made and natural materials. A
description of the measurement system developed for this 
purpose is given in Appendix 4.2. A typical albedo for 
natural terrain environments of 0.4 will be used here.
The following values will be used for the other 
parameters in the range equation :-
Pfc = 2 W 
Ar = 0 . 0 0 7 8  m2 
p = 0.4
Tr = 0 . 9
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Tt = 0.9 
Re = 0.6  
G = 50
Rd = 50 ohmsr
33 = 86.5°
R = 25 m 
cr = .2 km”"*
Using the above values v is found to beM
230pV (peak)
It is now necessary to consider the various noise mechanisms 
which are present.
4.2.4 Noise Sources
Noise will originate from the following principal 
sources
1) Signal shot-noise
2) Background shot-noise
3) Thermal noise
4) Excess noise ( owing to the avalanche gain )
4.2.4.1 Signal Shot Noise 
The fundamental limit on signal-to-noise ratio is governed 
by the quantum nature of the received signal pulse. The 
signal-induced current squared shot-noise is :-
2 i s  q B ( 4 . 1 2 )
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ig = signal photocurrent 
q = electronic charge 
B = electrical bandwidth
and since the photocurrent is related to the incident 
optical power by
w h e r e
1s = psd ^e G
the signal shot-noise component in terms of detected power 
is :-
+ s2 = 2 » B psd Re G   (4*13)
4.2.4.2 Background Noise
Scattered solar radiation within the field-of-view of 
the receiving optics will be detected along with the desired 
signal component. The detected solar background power 
is given by
^rRopt ^r Hw  ^
7T
Pbd = —    — ...........  ( 4 . 1 4 )
where
BQpt = optical filter bandwidth (nm)
—2 _ 1Hw = solar irradiance (Wm~ nm )
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Qr = receiver FOV (sr)
It is evident from eq.(4.14) that spectral filtering and a 
narrow receiver field -of- view are required to limit the 
background power reaching the detector. Using the previous 
values and for
Bopt = 20 nm 
Hw = 0 .5 Wm“2nm~ 1
Q r = 0.1 millisteradian
the detected background power is found to be 
Pbd = 900nW
This background power will cause shot-noise to be generated 
at the detector output. The magnitude of the noise is, as 
for the signal shot-noise case
= 2 h  «>B ............................... ( 4 - 15)
where
1^ = background photocurrent
and in terms of the detected optical power
2 q B P s d  Re G ( 4 . 1 6 )
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4 . 2 . 4 . 3  T h e r m a l  N o i s e
The preamplifier will generate noise due to a number 
of mechanisms and these can be lumped together and an 
equivalent input noise current (i ) can be used to represent 
the amplifier noise.
4.2.4.4 Excess Noise
Detectors operating in the avalanche mode produce 
additional noise owing to a gain dependant noise process 
within the detector. The noise term for a avalanche 
photodetector ,is proportional to
G(2+x)  (4.17)
where x = excess noise factor
4.2.5 Signal to Noise Ratio
The total mean square noise contribution at the output 
of the photodetector preamplifier is given by
Y - 2 q B Re <Psd + L d 5 g(2+X) + L a 2 ••(4-18)
where ina = iaVB
and the root mean square (RMS) noise voltage, vfi is given by
v n = Rp ( 2 * B Re <P sd + Pb d ) g(2+X) + ^ ( 4 ' 1 9)
Combining eq.(4.11) and (4.19) yields an expression for the 
voltage signal-to-noise ratio
If we consider the case where the dominant noise is that due 
to shot-noise then the SNR becomes
v s Psd Re G
n 7 x ) \v 2 ( 4 -21)
vn (2 q B Re (Psd + Pbd) G(2+X))'
We can now estimate the SNR, using the values given 
previously, for two cases of interest
a) slope measurement at 25m range
b) obstacle detection at 50m
Case (a)
For horizontal terrain and a 2m scanner height we 
obtain from eq.(4.8) and (4.9)
The background power, Pbd, was calculated earlier to 
be in the region of 900nW, so for an APD gain of 50 (this 
will ensure that the system is shot-noise limited), an 
excess noise factor of 0.3 and a bandwidth of 500MHz we 
obtain a SNR of approximately 5:1.
Case (b)
For obstacle detection at 50m we will assume Cos0 to
be approximately unity, and so the detected power now 
becomes
Psd = 250nW 
and the signal-to-noise ratio becomes 14:1.
4.2.6 Range Accuracy
The accuracy to which the position of the terrain or
an obstacle can be determined is governed by several
factors. Essentially the problem can be reduced to that of
determining the time location of a pulse in the presence of
noise.
The commonly adopted technique is to observe the 
time at which the front edge of the received pulse crosses 
a threshold level. If the risetime of the leading edge is 
trthen the timing jitter crt is given by
t r
cr. = .... ..... .... (4.22)
SNR
Hence the maximum timing uncertainty is in this case 
approximately equal to the receiver risetime.
The ranging accuracy can be improved by integrating a 
number of independant measurements, in which case an 
improvement in accuracy of-fyn" can be achieved over a single 
pulse measurement.
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4.3 THE TERRAIN MAPPER HARDWARE
The terrain mapper system subdivides into two 
segments, the optical subsystem, which is tripod mounted and 
comprises of the transmitter and receiver optics and 
associated electronics, and the electronics subsystem which 
is housed in a small modular racking unit. The terrain 
mapper is shown diagrammatically in Fig.4.2. A brief 
description of the equipment is given in the following 
sections.
4.3.1 Terrain Mapper Optical Subsystem
The optical segment comprises of the following main 
components
1) Laser pulser and membrane beamsplitter
2 ) PIN photodiode 'start pulse1 detector and 
preamplifier
3) 10cm dia. (10cm f.l.) Fresnel receiving lens with 
inset 25mm (25mm f.l.) laser collimating lens
4) Bandpass interference filter - nominal centre 
wavelength 904nm +/-10nm
5) Avalanche photodiode (RCA No. C30948E) and 
preamplifier module
6 ) Proportional DC/DC voltage converter for APD 
bi as
7 ) motorised 16.5cm by 1 1.5cm plane mirror beam deflector
All the above components are contained within a 50cm by 26cm
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by 26cm case. The completed assembly (with the protective 
case removed) is shown in Fig.4.3.
4.3.1.1 Laser Transmitter
The transmitter comprises a single heterojunction 
pulsed semiconductor laser driven by a Power Technology 
(model no. IL40C) pulser, membrane beamsplitter, and
collimating lens.
For a given source size,the illuminated area at the 
target is determined by the focal length of the collimating 
lens.
That is by
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f
and in the orthogonal plane by 
R S
 —   (4.24)
f
where
f = focal length of lens
S,, = source width w
Sh = source height
The pulser is capable of delivering current pulses of 
30A peak and 10ns halfwidth duration. The laser selected 
has a source size of 10Opm by 2pm and a maximum peak current 
rating of 12A ( rated at 200ns pulse duration ). It is
F ig .  4 .3  T e r r a in  mapper o p t i c a l  subsystem
¥permissible to use this laser since the maximum drive 
current can be uprated when using pulses of less than 200ns 
duration. Details of the permitted degree of uprating are 
given in Appendix 4.3.
The laser output is collimated by a 25mm diameter, 
25mm focal length lens. This gives an illuminated area of 
10cm by 0.2cm at a range of 25m. A 25mm diameter membrane 
beamsplitter is mounted directly onto the front of the laser 
pulser. The beamsplitter is 8/im thick and therefore 
produces no distortion of the optical pulse. At an incident 
angle of 45°,90% of the beam is transmitted.
The laser pulser is mounted on a small sliding 
carriage enabling focusing, azimuth, and elevation 
adjustments to be performed.
4.3.1 .2 Laser Pulse Monitor Photodetector
A small portion ( approximately 10% ) of the outgoing 
laser pulse is deflected by the beamsplitter onto the 
monitor photodiode ( Hewlett Packard No.4220, 0.5mm dia,
0 .5ns risetime). A 5mm diameter plastic lens is used to 
increase the detection sensitivity. Two Avantek 400MHz 
bandwidth,13dB gain amplifiers follow the photodetector. 
The signal-to-noise ratio at the output of the second 
amplifier typically exceeds 50dB. This signal is fed 
directly to the start channel of the timing module.
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4.3.1.3 Receiving Optics
The receiving lens is a 10cm diameter Fresnel type 
lens with a focal length of 10cm. The photodetector is a 
avalanche silicon photodiode with an active diameter of
0.8mm. This combination results in a receiver field-of-view 
of 8mR. A 1 side - by - side1 optical arrangement has been 
adopted for the transmitter and receiver optics as the 
obscuration which would have been caused by a coaxial 
configuration would have resulted in a significant signal 
loss at close range (see Appendix 4.4).
The photodetector and its associated preamplifier are 
mounted in a 7 .5cm by 4.5cm by 2cm case which in turn is
mounted on a sliding carriage to facilitate alignment. The
photodetector output is amplified by two Avantek amplifiers 
( types GD401 and GD402 ) which provide a gain of 26dB.
4.3.1 .4 The Scanner
The scanner consists of a small tilt and rotate stage 
(Ealing No. 22-8163) upon which is mounted a 16.5cm by
11.5cm front-aluminized plane mirror. The maximum angular 
travel, in either direction, is +/- 5°. Two stepper motors 
(Phillips no. 9904-115-23101) are used to drive the stage. 
Both motors are driven in the half step mode which gives a 
motor step angle of 0.9°. The gearing of the stage results 
in a basic mirror step angle of approximately 50
microradians.
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The majority of the electronic modules are mounted in 
a ’Eurocard' racking system. This allows for additional 
modules to be easily added to the system. The completed 
electronics unit is shown in Fig.4.4. All circuit diagrams 
for the terrain mapper are given in Appendix 4.5.
4.3.2.1 Timing.Circuit
The function of the timing board is to produce a 10 
bit binary word proportional to the time delay between 
pulses appearing at the ’start1 and ’stop' inputs. The 
circuit consists of two parallel channels, identical in 
nature, which are used to:-
a) trigger a ramp waveform on detection of a pulse 
at the ’start’ input
and then
b) trigger a track and hold circuit to sample the
ramp on detection of a pulse at the 'stop’ input
As both channels are identical any small variations in 
propagation time due to temperature fluctuations affect both 
channels in a similar manner. The input to the ’start1
channel is derived from a PIN photodetector which monitors 
the optical output of the laser. By monitoring the actual
transmitted optical pulse, as opposed to the stimulating 
current pulse, variations in propagation delay within the 
laser and the pulser cannot affect the timing accuracy.
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b) C i r c u i t  boards  
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Inputs to both channels are fed directly to a dual 
high-speed voltage comparator(Advanced Micro Devices model 
no. AMD 687).
The input threshold level for the ’start channel’ can 
be varied from near OV up to a few hundred millivolts by a 
preset control. When the threshold level is exceeded the 
comparator output triggers a monostable which latches the 
comparator output in the 'high' state for a period 
corresponding to the maximum delay time, in this case 
approximately 400ns. The output pulse from the comparator 
is converted to TTL logic levels and applied to an open 
collector NAND gate which functions as a switch forming part 
of the ramp generator circuit.
A linear time/voltage ramp is produced by charging a 
capacitor from a constant current source. The voltage 
developed across the capacitor is given by:-
V (4.25)o C
where
I c constant current (A)
t time from start of ramp (ns)
C charging capacitance (nF)
The constant current, I , is generated as follows. A 
precise low temperature coefficient voltage reference 
source, derived from three ZN423’s is used to bias the
non-inverting input of a LM308A high performance operational 
amplifier. The voltage developed across a current sensing 
resistor, R is compared with the reference source and any 
discrepancy produces an error voltage which tends to restore 
the current to a value of :-
I. = Vref .........(4.26)
Rs
With the input to the NAND gate at logic 11’, as 
occurs prior to a pulse being applied to the ’start' input, 
the output transistor of the gate is switched on thereby 
bypassing current from the ramp capacitor. When the gate 
changes state the current flows through the capacitor 
producing a ramping voltage. The ramp waveform is shown in 
Fig.4.5. A high-speed buffer isolates the ramp generator 
from the track-and-hold module.
The principal sources of temperature drift that occur 
are due to the voltage reference source (30 ppm/°C) and the 
current sense resistor (precision wirewound 10 ppm/°C). The 
operational amplifier introduces virtually no additional 
drift.
The temperature coefficient of the current source was 
measured as 30ppm/°C.
The temperature stability of the ramp is also 
dependant on the charging capacitor stability. A high 
stability palladium/ceramic (+/- 30ppm/°C) capacitor is
therefore used to minimize drift.
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4The threshold level of the ’stop* channel can be set 
from OmV to 20mV. The functions of the first stages are 
similar to the ’start* channel. In this case however the 
monostable latches the comparator outputs for 30
microseconds (the time required to perform the A/D 
conversion). After passing through the level translator and 
NAND gate this transition triggers the track-and-hold 
circuit.
For the track-and-hold being used here (Analog Devices 
HTC-300) the aperture uncertainty, a measure of the timing 
jitter, is 100ps. The analogue-to-digital conversion is 
performed by an Analog Devices ADC-80 configured as a 10bit 
converter. The conversion time is less than 25us. An
inverting amplifier interfaces the track-and-hold with the 
A/D converter enabling the full range of the converter to be 
ultilized.
If no pulse is received at the ’stop’ input before the 
end of the ramp waveform the track-and-hold is not put into 
the ’hold’ condition, but an A/D conversion is still
initiated. The A/D convertor in this situation returns a
null value of ’O ’. On completion of the A/D conversion
process, a ’data-valid’ signal is generated which initiates 
the transfer of the data, via the computer interface, to the 
desk-top computer.
Owing to the very high gain and speed of the ECL 
comparators (60dB at 100MHz) considerable care was required 
•in circuit construction and layout. A ground plane was used 
to ensure a low impedance current return path. In addition
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4the ground plane forms the backing for the microstrip 
transmission lines used for interconnections between the
emitter-coupled-logic integrated circuits.
4.3.2.2 Scan Frame Formater
The scanning of the terrain mapper is normally 
controlled by the Scan Frame Formater. This frees the 
computer from the task and allows higher scanning speeds to 
be achieved. The scanning speed is limited, by the
mechanics of the scanner, to about 5° per second.
The Formater produces all the necessary signals for
controlling both stepper motors and also for firing the 
laser. Prior to commencement of a scan the frame parameters 
are sent from the computer and are stored in data registers 
within the Formater.
These parameters are
1) N^  - Clock division ratio.
2) N2 - Number of scanner steps between pixels.
3) N^ - Number of laser pulses per pixel.
4) N4 - Number of pixels per line.
5) N5 - Number of lines per frame.
The clock operates at a frequency of 10kHz, which is 
the maximum rate at which the laser pulser can function. 
The stepping speed of the azimuth motor is therefore 
10kHz/N^. After the azimuth motor has moved N2*(10kHz/N-j) 
steps, that is the distance between pixels, the laser is
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fired times at a rate of 10kHz. The maximum number of
shots in the burst is limited to 15. An oscilloscope trace
of the laser trigger signal for a burst of 4 shots is shown
in Fig.4 .6 .
This sequence is repeated times whereupon the
azimuth motor direction is reversed and the elevation motor 
is stepped N2*(1OkHz/N^) times. The scan proceeds as above 
until the elevation motor has been stepped N5 times. 
Control of the stepper motors is then passed to the 
computer. The scanner can now either be returned to the 
original starting position or a new starting point may be 
selected. The computer can also independently ’power down’ 
the motors between scans ( no holding torque is required to 
maintain position ) if required.
4.3.2.3 Stepper Motor Drivers
The scanner position is controlled by two stepper 
motors. These motors are driven by a R/L type half-step 
control circuit based on VMOS transistor switches. The
scanner motors can either be driven directly from the
computer, in which case any arbitrary scan pattern can be 
generated, or from the scan frame formater when high speed 
rectalinear scanning is required. The control codes for 
driving the motors directly from the computer are given in 
Appendix 4.6.
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The computer interface board allows the terrain mapper 
to connect directly onto any IEEE-488 standard data bus.
All interactions with the IEEE bus are controlled by a 
Signetics IEEE bus interface integrated circuit (no. 
HEF4738). This chip provides all the necessary bus 
handshaking signals which are connected to the bus via four 
quad bi-directional transceivers.
Up to 16 different commands can be sent (corresponding 
to the ASCII characters § to 0 inclusive) to the unit. The 
interface has three 8 bit output ports configured as 
follows.
Ports 1 and 2 are used to return the 10 bit digital 
range word to the computer over the 8 bit data bus. Six 
bits of this 16 bit word are uncommitted and may be used to 
return status information if required. In the ’range data 
transfer’ mode operation is as follows. When the interface 
is addressed to 'talk* (ie to transmit data) the upper two 
bits( Port 1) of the range data are placed on the bus. When
t ithe interface is addressed to talk a second time the 
remaining 8 bits ( Port 2 ) are placed on the bus. The
computer can now reconstitute the original 10 bit data word.
Port 3 is an auxiliary port which may be selected by 
sending the ASCII character ”A” to the unit. Now when the
i tunit is next addressed to talk the auxiliary port data is 
transmitted back to the computer. The auxiliary port is 
disabled by resending the ASCII character ”A”.
4 . 3 . 2 . 4  C om puter  I n t e r f a c e
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The power supply consists of two parts, a mains input 
12V 5.6A PSU and a converter unit which develops the various 
voltages required to power the equipment. This arrangement 
was adopted to enable the equipment to be powered from a 12V 
battery source if required.
The various power supply requirements for the 
equipment are summarized in Table 4.1.
4 . 3 . 2 . 5  Pow er  S u p p l y
VOLTAGE CURRENT
+/-15V 150mA
+5V 1 ,5A
-4.2V 500mA
-2.0V 250mA i
+12.0V 2A
220-330V 1 0mA
Table 4.1 Power Supply Requirements
The +5V supply is derived using a conventional series 
regulator. The remaining supplies are generated using 
switching mode regulators. Owing to the inherent switching 
action of this type of regulator, significant noise can 
appear on the output lines. This is normally reduced to an 
acceptable level by capacitive smoothing, however for the 
level of ripple voltages required here the capacitance 
values become excessive. An alternative approach to
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reducing the switching noise has been adopted here. The 
output of the switching regulators is set 3-4V higher than 
required and only minimal capacitive smoothing is provided 
(to reduce the ripple to approximately 0.5V). An
appropriate series regulator is then used to give the
required output voltage. Although this is achieved with 
some loss in overall efficiency, an extremely clean supply is 
produced thanks to the high ripple rejection of the series 
regulators (typically 60dB). In case of regulator 
malfunction all supplies are over-voltage protected. If an 
over-voltage fault condition arises, defined here as being 
1.5V above the normal operating voltage of the supply, then 
the output voltage is shorted to ground within 10}js.
The avalanche photodetector requires a bias voltage in 
the region of 230-330V, the actual voltage being dependant 
on the individual detector. This voltage is obtained by
means of a D.C./D.C. converter module ( Venus Scientific, 
model no. C8T ). For an input voltage in the range 5-12V a 
proportional H.T. voltage of 150-400V is obtained.
4.4 SUMMARY
The design and construction of a prototype instrument 
capable of performing terrain slope measurements at ranges 
up to 25 metres has been described. No insuperable design 
problems were encountered when developing the instrument. 
The equipment has performed satisfactorally both in the 
laboratory and during field trials.
The range measurement is performed by a pulsed
semiconductor laser diode based optical rangefinder. For a 
maximum operating range of 50 metres the rangefinder can 
achieve, with a good signal-to-noise ratio, a range accuracy 
of better than 5cms.
Owing to the design complexity of high-speed large 
aperture optical scanners it was decided at an early stage 
that this area would not form part of the current programme 
of work. Consequently a mechanically simple low -speed 
mirror scanner has been incorporated into the terrain 
mapper. This, however, still enables the primary objectives 
of the project to be achieved, namely the evaluation of a 
terrain mapping system operating in realistic environments.
After some preliminary measurements performed from the 
laboratory site the equipment underwent field trials at the 
project sponsors establishment. The performance of the 
equipment is described in the next chapter.
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CHAPTER V
PRELIMINARY RESULTS FROM THE TERRAIN MAPPER
5 . 1 INTRODUCTION
The aim of this chapter is to present, mainly in 
graphical form, results obtained from the initial
commissioning tests of the terrain mapper system described
in the last chapter. As was outlined in chapter 4 the
terrain mapper was designed principally as an instrument for 
gathering range data. No facilities have been incorporated 
in the present instrument for either data analysis or
pictorial display. Consequently all data collected by the 
instrument has been transferred to the University’s central 
computers for processing.
5.2 OPERATION OF THE TERRAIN MAPPER
The terrain mapper can be operated in one of two
modes. In the ’direct transfer’ mode the computer (the 
HP85) directly controls the functions of the terrain mapper. 
(A list of control codes for the instrument is given in
Appendix 4.6). The speed of operation in this mode is 
fairly slow since, in addition to reading in the range data, 
the computer must issue commands to control the scanner and 
also to trigger the laser pulser. Owing to the slow
input/output capability of the computer when running the 
BASIC computer language overall reading rates are typically
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less than 5 readings per second in this mode. However, it 
is possible to generate any arbitrary scanning pattern.
The second operating mode is termed the ’fast 
handshaking’ mode (FHS). In this mode a high-speed 
rectilinear scan is generated by the scan frame formater 
(see section 4.3.2.2). Prior to commencement of the scan 
the frame parameters are sent and stored in the terrain 
mapper. All motor scanning and laser trigger signals are 
now generated directly by the terrain mapper and during the 
scan the computer only has to read in range data, resulting 
in a significant speed increase. The data storage format 
for the FHS mode transfer is given in Appendix 5.1.
A listing of the terrain mapper control program is 
given in Appendix 5.2.
5.3 PRELIMINARY RESULTS
This section subdivides into two parts. Firstly some 
results are presented which were obtained during the initial 
setting up of the instrument in the laboratory. The targets 
used in these tests were typical of those which would be 
found in an urban terrain mapping environment, ie concrete, 
brickwork, metallic posts etc.. The second part of this 
results section reports on the operation of the equipment 
during field trials. The location chosen for the trials 
provided a variety of natural targets such as gravel paths, 
trees, bushes etc..
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5.3.1 Results from the laboratory
The terrain mapper was located in the laboratory which 
has an open view onto a neighbouring roof some 23 metres 
away on the same level. The visual scene from the 
laboratory is shown in Fig.5.1.
Fig.5.2 shows the received signal from several of the 
objects visible from the laboratory window. The laser diode 
used was a 5.5A threshold device operated at a peak current 
of approximately 30A. Peak transmitted power, after 
beamsplitter and collimating lens losses, was approximately 
2W.
The received signals depicted in Fig.5.2 were obtained 
before the optical filter was incorporated into the 
instrument, hence the large noise component (the output 
thermal noise level of the preamplifier is approximately 2mV 
P / P ) .
5.3.1.1 Slope Measurement
To illustrate the capabilities of the mapper at short 
range a vertical scan was taken of the roof directly outside 
the laboratory. The area comprises of concrete paving 
stones extending to the roof edge some 7m away. An 
interesting feature of this scene is a cornice at the roof 
edge ( see Fig.5.1(a) foreground ).
The mapper was set at a height of 1m with an initial 
beam pointing angle of 12° from the horizontal. The scan 
step angle was set to 0 .1° with 8 laser pulses transmitted 
per pixel ( the scan rate is independent of the number of
F ig .  5 . 1 ( a )  View from th e  la b o r a to r y
F ig .  5 .1 ( b )  View from th e  r o o f  above th e  la b o r a to r y
a)  B r i c k  w a l l  ( y e l l o w )  a t  55m b)  C o n c r e t e  w a l l  a t  35m
c) Concrete  w a l l  a t  23m d) Grey p a in te d  post a t  7m
F i g .  5 . 2  T y p ic a l  S ig n a l  Returns ( t ime s ca le  5 0 n s / d i v .
ampli tude  s c a le  20mV/d iv .  ( . ( d )  1 0 0 m V /d iv . ) )
l a s e r  p u l s e s  p e r  p i x e l  ) .  F i g . 5 . 3  s h o w s  t h e  m e a s u r e d  r a n g e  
a s  a  f u n c t i o n  o f  e l e v a t i o n  p o i n t i n g  d i r e c t i o n .  S i n c e  i n  
t h i s  c a s e  a d j a c e n t  r a n g e  r e a d i n g s  a r e  o n l y  s e p a r a t e d  b y  
a b o u t  t h e  q u a n t i z a t i o n  l e v e l  o f  t h e  t i m e / r a n g e  c o n v e r t o r  t h e  
r a n g e  d a t a  h a s  b e e n  l o w - p a s s  f i l t e r e d  t o  r e m o v e  t h e  
q u a n t i z a t i o n  n o i s e .  A s  c a n  b e  s e e n  t h e  v e r t i c a l  c o r n i c e  
s h o w s  u p  c l e a r l y  a s  a  r e g i o n  o f  z e r o  g r a d i e n t  ( o n  a 
r a n g e / a n g l e  p l o t ) .
T h e  c o r r e s p o n d i n g  t e r r a i n  s l o p e  p r o f i l e  ( w h e r e  t h e  
s l o p e  h a s  b e e n  e x p r e s s e d  i n  ’ d e g r e e s  f r o m  t h e  h o r i z o n t a l ’ ) 
i s  s h o w n  i n  F i g . 5 . 4 .
5 . 3 . 1 . 2  H o r i z o n t a l  S c a n
F i g . 5 . 5  s h o w s  t h e  r a n g e  p r o f i l e  r e s u l t i n g  f r o m  a 
h o r i z o n t a l  s c a n  t a k e n  f r o m  t h e .  l a b o r a t o r y .  T h e  s t a r t
p o s i t i o n  f o r  t h e  s c a n  w a s  j u s t  t o  t h e  l e f t  o f  t h e  r a i l i n g  
p o s t  m a r k e d  w i t h  t w o  w h i t e  t a p e s  ( F i g . 5 . 1 ( a ) ) .  B e a m  s t e p
a n g l e  w a s  0 . 1 °  a n d  t h e  n u m b e r  o f  l a s e r  s h o t s  p e r  p i x e l  w a s
8 .  A g a i n  t h e  r a n g e  i s  p l o t t e d  a g a i n s t  b e a m  p o i n t i n g  
d i r e c t i o n .
T h e  f i r s t  f e a t u r e  w h i c h  i s  d e t e c t e d  i s  t h e  r a i l i n g  
p o s t  a t  7 m .  T h e  n e x t  t a r g e t  t o  b e  d e t e c t e d  i s  t h e  
e x t r a c t i o n  t o w e r  a t  a  r a n g e  o f  3 5 m .  A  p r o g r e s s i v e  i n c r e a s e  
i n  r a n g e  i s  m e a s u r e d  a s  t h e  t o w e r  i s  s c a n n e d  ( o n l y  j u s t  
v i s i b l e  o n  t h i s  s c a l e  b u t  e a s i l y  d e t e c t a b l e  f r o m  t h e
o r i g i n a l  r a n g e  d a t a )  d u e  t o  t h e  t o w e r  b e i n g  o f f s e t  f r o m  t h e  
n o r m a l  d i r e c t i o n .  A  p a r t i a l  d r o p - o u t  ( p i x e l  n o . 7 5 )  c a n  b e  
s e e n  c a u s e d  b y  o n e  o f  t h e  e i g h t  l a s e r  p u l s e s  f a i l i n g  t o
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e x t r a c t i o n  t o w e r s  ( p i x e l  n o .  8 2 )  c a u s e s  a  c o m p l e t e  s i g n a l
d r o p - o u t  o w i n g  t o  t h e  l a s e r  b e a m  s t r i k i n g  b o t h  t a r g e t s  
s i m u l t a n e o u s l y  r e s u l t i n g  i n  n e i t h e r  r e t u r n  b e i n g  o f  
s u f f i c i e n t  m a g n i t u d e  t o  t r i g g e r  t h e  t i m i n g  m o d u l e .  O n c e  t h e  
b e a m  i s  f u l l y  o n t o  t h e  r i g h t m o s t  t o w e r  t h e  e n d  f a c e  c a n  b e
d i s c e r n e d  ( p i x e l s  8 5  t o  9 5 )  w i t h  a 2  o u t  o f  8  d r o p - o u t
o c c u r r i n g  a t  t h e  t o w e r  c o r n e r .  A  s e c o n d  p o s t  i s  d e t e c t e d  
( p i x e l  n o .  1 1 2 )  b e f o r e  t h e  s c a n  h a l t s  m i d - w a y  a l o n g  t h e  
t o w e r .
5 . 3 . 2  S u m m a r y  o f  r e s u l t s  f r o m  f i e l d  t r i a l s
F i g . 5 . 6  s h o w s  t h e  t e r r a i n  m a p p e r  i n  o p e r a t i o n  d u r i n g  
t h e  f i e l d  t r i a l s .  T h r e e  o f  t h e  l o c a t i o n s  u s e d  i n  t h e s e  
t r i a l s  a r e  s h o w n  i n  F i g s . 5 . 7 - 5 . 9 .
T h e  s c e n e  v i s i b l e  f r o m  t h e  f i r s t  l o c a t i o n  ( F i g . 5 . 7 )  
c o m p r i s e s  o f  a n  u p w a r d  s l o p i n g  s t o n e / g r a v e l  t r a c k  s o m e  1 0 m  
w i d e  b e a r i n g  a r o u n d  t o  t h e  l e f t .  T h e  t r a c k  i s  s u r r o u n d e d  b y  
w o o d l a n d .  T w o  l e a f - c o v e r e d  g r a v e l  m o u n d s ,  l o c a t e d  o n e  
b e h i n d  t h e  o t h e r ,  a r e  p r e s e n t  o n  t h e  l e f t  h a n d  s i d e  o f  t h e  
t r a c k  ( j u s t  v i s i b l e  o n  t h e  r i g h t - h a n d  s i d e  o f  F i g . 5 . 7 ) .  A 
l a r g e  t r e e  i s  l o c a t e d  j u s t  o f f  t h e  l e f t - h a n d  s i d e  o f  t h e  
t r a c k .  W i t h  t h e  t r i a l s  b e i n g  p e r f o r m e d  i n  t h e  w i n t e r  m o n t h s  
l i t t l e  f o i l a g e  w a s  p r e s e n t  o n  t h e  t r e e s ,  a l t h o u g h  s o m e  
d e c a y i n g  l e a f  m o u l d  w a s  p r e s e n t  o n  t h e  g r o u n d .
F i g . 5 . 1 0  s h o w s  t h e  m e a s u r e d  t e r r a i n  h e i g h t  a s  a 
f u n c t i o n  o f  a z i m u t h  a n d  e l e v a t i o n  b e a m  p o i n t i n g  d i r e c t i o n s .  
T h e  a r e a  o f  c o v e r a g e  i s  4 °  ( a z . )  b y  2 °  ( e l . )  w i t h  t h e
e x c e e d  t h r e s h o l d .  The t r a n s i t i o n  r e g i o n  b e t w e e n  t h e  two
F i g .  5 .7 F i e l d  t r i a l s  t e r r a i n  l o c a t i o n  No.1
F i g .  5 . 8  F i e l d  t r i a l s  t e r r a i n  l o c a t i o n  N o . 2
F i g .  5 . 9  F i e l d  t r i a l s  t e r r a i n  l o c a t i o n  N o . 3
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s t a r t  o f  t h e  s c a n n e d  a r e a  b e i n g  n e a r  t h e  b a s e  o f  t h e  t r e e  i n  
t h e  f o r e g r o u n d  o f  F i g . 5 . 7 .  T h e  t e r r a i n  h e i g h t ,  r e l a t i v e  t o  
t h e  t e r r a i n  h e i g h t  a t  t h e  b a s e  o f  t h e  s c a n n e r  i s ,
T h  = H -  R S i n  <£ . . . . . .  ( 5 . 1 )
w h e r e  0  = t h e  a n g l e  f r o m  t h e  h o r i z o n t a l
H = s c a n n e r  h e i g h t
F i g . 5 . 1 1  s h o w s  t h e  s a m e  d a t a  t r a n s p o s e d  a n d  d i s p l a y e d  o n  a n  
a z i m u t h  v  r a n g e  v  t e r r a i n - h e i g h t  p l o t .  S o m e  i n t e r p o l a t i o n  
h a s  b e e n  i n c o r p o r a t e d  i n  t h e  p l o t  s i n c e  n o t  e v e r y  
a z i m u t h / e l e v a t i o n  c o - o r d i n a t e  h a s  a  c o r r e s p o n d i n g
a z i m u t h / r a n g e  c o - o r d i n a t e .  T h e  m a i n  f e a t u r e s  o f  t h e  s c e n e  
c a n  b e  r e c o g n i s e d  f r o m  F i g . 5 . 1 1 .  T h e  t r e e ,  a z i m u t h  b e a m  
p o i n t i n g  d i r e c t i o n s  1 - 1 2 ,  s h o w s  u p  c l e a r l y  a s  d o e s  t h e  
g e n e r a l  p r o f i l e  o f  t h e  t e r r a i n .
F i g . 5 . 1 2 ( a )  s h o w s  a  s i n g l e  v e r t i c a l  l i n e  s c a n  t a k e n  u p  
t h e  t r a c k  a n d  s c a n n i n g  o v e r  t h e  t w o  g r a v e l  m o u n d s  o n  t h e  
l e f t - h a n d  e d g e  o f  t h e  t r a c k .  A g a i n  t h e  d a t a  h a s  b e e n  
l o w - p a s s  f i l t e r e d  t o  r e m o v e  t h e  q u a n t i z a t i o n  n o i s e .  T h e  
j u m p  i n  t h e  r a n g e  p l o t  ( b e a m - p o i n t i n g  d i r e c t i o n  n o . 1 8 )  
o c c u r s  w h e n  t h e  l a s e r  b e a m  l e a v e s  t h e  t o p  o f  t h e  f i r s t  m o u n d  
a n d  t h e n  h a s  t o  t r a v e l  s o m e  d i s t a n c e  b e f o r e  i n t e r c e p t i n g  t h e  
t e r r a i n  a g a i n .  T h i s  c h a r a c t e r i s t i c  -  a  n e a r  z e r o  g r a d i e n t  
r e g i o n  f o l l o w e d  b y  a  v e r t i c a l  j u m p  i n  r a n g e  i s  t y p i c a l  o f  
s m a l l  o b s t r u c t i o n s .  T h e  c o r r e s p o n d i n g  t e r r a i n  s l o p e  p l o t  i s  
s h o w n  i n  F i g . 5 . 1 2 ( b ) .  E a c h  s y m b o l  s h o w n  o n  t h e  p l o t
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, m u th  v e l e v a t i o n  te a m  p o i n t i n g  
, . 10  T e r r a i n  h e i g h t  v a z x m u th
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a) Range v e l e v a t io n  p o in t in g  d i r e c t io n
TERRAIN RANGE ( li) 
b) Slope v t e r r a in  range p l o t  fo r  range data o f  a)
F i g 5 . 1 2  Range and s lo p e  p l o t s  f o r  t e r r a i n  l o c a t i o n  n o .1
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i n d i c a t e s  t h e  p o s i t i o n  o f  a  r a n g e  r e a d i n g .  T h e  s t e e p e r  
f i r s t  m o u n d  r e g i s t e r s  a  m a x i m u m  s l o p e  o f  s o m e  4 0 - 4 5 ° .
A s e r i e s  o f  h o r i z o n t a l  s c a n s  w e r e  p e r f o r m e d  t h r o u g h  a 
h e a v i l y  w o o d e d  t h i c k e t  ( F i g . 5 . 9 )  a d j a c e n t  t o  t h e  t r a c k .  
F i g . 5 . 1 3  s h o w s  a  h o r i z o n t a l  s c a n  t a k e n  o f  t h e  r e g i o n  a r o u n d  
t h e  l a r g e  t r e e  p r e s e n t  i n  t h e  f o r e g r o u n d  s o m e  4 m  f r o m  t h e  
t e r r a i n  m a p p e r .  T h e  a z i m u t h  b e a m  p o i n t i n g  s t e p  - a n g l e  i n  
t h i s  c a s e  i s  0 . 2 °  p e r  p i x e l .
F i g . 5 . 1 4 ( a )  s h o w s  a  r a n g e  v e r s u s  e l e v a t i o n  b e a m  
p o i n t i n g  d i r e c t i o n  p l o t  t a k e n  a t  t e r r a i n  l o c a t i o n  N o . 3 .  T h e  
s t e p - a n g l e  i n  t h i s  c a s e  i s  0 . 0 5 ° .  F i v e  l a s e r  p u l s e s  w e r e  
t r a n s m i t t e d  p e r  b e a m  p o i n t i n g  d i r e c t i o n  a n d  e a c h  i n d i v i d u a l  
r a n g e  v  e l e v a t i o n  d a t a  f i l e  h a s  b e e n  p l o t t e d  t o  i n d i c a t e  t h e  
v a r i a t i o n s  i n  r a n g i n g  a c c u r a c y .  T h e  a v e r a g e  o f  t h e  5  t r a c e s  
i s  s h o w n  i n  F i g . 5 . 1 4 ( b )  ( a l s o  s h o w n  i s  a  l o w - p a s s  f i l t e r e d  
p l o t  o f  t h e  a v e r a g e d  d a t a ) .
T h e  e f f e c t  o f  v a r y i n g  t h e  a n g l e  i n c r e m e n t  u s e d  i n  t h e  
s l o p e  c a l c u l a t i o n  i s  i l l u s t r a t e d  i n  F i g . 5 . 1 5 .  U s e  o f  t h e  
b a s i c  0 . 0 5 °  i n c r e m e n t ,  F i g . 5 . 1 5 ( a )  r e s u l t s ,  a s  e x p e c t e d ,  i n  
c o n s i d e r a b l e  s l o p e  e r r o r s  s i n c e  t h e  s p a c i n g  ( i n  r a n g e )  o f  
a d j a c e n t  b e a m  p o i n t i n g  d i r e c t i o n s  i s  o n l y  o f  t h e  o r d e r  o f  
1 0 c m .  T h e  u s e  o f  a  0 . 5 °  i n c r e m e n t ,  F i g . 5 . 1 5 ( d ) ,  w h i c h  g i v e s  
a p p r o x i m a t e l y  a  1m g r o u n d  s p a c i n g  r e d u c e s  t h e  e r r o r  t o  o n l y  
a  f e w  d e g r e e s .
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F i g . 5 .1 3  H o r i z o n t a l  scan  t h r o u g h  t h i c k e t
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ELEVATION BEAM POINTING DIRECTION
F i g . 5 . 1 4 a )  R a n g e  v  e l e v a t i o n  p o i n t i n g  d i r e c t i o n  f o r  t e r r a i n  
l o c a t i o n  n o . 3  ( 5  t r a c e s ) .
F i g . 5 . 14b) A v e ra g e d  and sm o o th e d  ra n g e  d a t a .
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a ) a n g l e  i n c r e m e n t  0 . 0 5 * b )  a n g l e  i n c r e m e n t  0 . 1 °
XIB1 XIB1
c ) a n g l e  i n c r e m e n t  0 . 2 5 ° d )  a n g l e  i n c r e m e n t  0 . 5 *
F i g . 5 . 1 5  S l o p e  v  r a n g e  p l o t  f o r  t e r r a i n  l o c a t i o n  n o . 3  f o r  
v a r i o u s  a n g l e  i n c r e m e n t s .
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T h e  o p e r a t i o n  o f  a  l a s e r - b a s e d  t e r r a i n  m a p p e r  h a s  b e e n  
d e m o n s t r a t e d  a g a i n s t  a  v a r i e t y  o f  t a r g e t s .  T o  a s s e s s  f u l l y  
t h e  o p e r a t i o n a l  p e r f o r m a n c e  o f  a n  e q u i p m e n t  s u c h  a s  t h i s  a n  
e x t e n s i v e  t e s t  a n d  e v a l u a t i o n  p r o g r a m m e ,  w i t h  t h e  e q u i p m e n t  
b e i n g  o p e r a t e d  i n  m a n y  d i f f e r e n t  e n v i r o n m e n t s  i s  o b v i o u s l y  
r e q u i r e d .  T i m e  h a s  p r e c l u d e d  s u c h  a  d e t a i l e d  s t u d y  f r o m  
b e i n g  i n c l u d e d  i n  t h i s  t h e s i s .
I t  i s  e v i d e n t  f r o m  t h e  f i g u r e s  p r e s e n t e d  h e r e  t h a t  
i n t e r p r e t i n g  t h e  d a t a  i s  n o t  a l w a y s  e a s y .  A g o o d  d e a l  o f  
f u r t h e r  w o r k  n e e d s  t o  b e  c a r r i e d  o u t  i n  t h i s  a r e a .  ( A  2  
y e a r  e v a l u a t i o n  p r o g r a m m e ,  b a s e d  o n  t h e  e n c o u r a g i n g  
p r e l i m i n a r y  r e s u l t s  o b t a i n e d  f r o m  t h i s  p r e s e n t  s t u d y ,  w i l l  
c o m m e n c e  s h o r t l y  t o  l o o k  a t ,  i n  p a r t i c u l a r ,  t e c h n i q u e s  f o r  
p r o c e s s i n g  t h e  d a t a  p r o d u c e d  b y  t h e  t e r r a i n  m a p p e r ) .
H o w e v e r ,  e v e n  f r o m  t h e  t h u s - f a r ,  l i m i t e d  o p e r a t i o n  o f  
t h e  e q u i p m e n t  s o m e  g e n e r a l  r e m a r k s  c a n  b e  m a d e .
A d e q u a t e  s e n s i t i v i t y  c a n  b e  a c h i e v e d  a g a i n s t  m o s t  
t y p e s  o f  t a r g e t s  w i t h  t h e  s y s t e m  p a r a m e t e r s  a s  o u t l i n e d  i n  
c h a p t e r  4 ,  a l t h o u g h  a t  n e a r  m a x i m u m  r a n g e  ( 2 5 m )  t a r g e t s  o f  
l o w  r e f l e c t i v i t y  p r o v i d e d  i n s u f f i c i e n t  r e c e i v e d  s i g n a l  t o  
i n i t i a t e  a t i m i n g  m e a s u r e m e n t .  B a s i c a l l y  t h e r e  a r e  t w o  
o p t i o n s  w h i c h  c a n  b e  c o n s i d e r e d  f o r  i n c r e a s i n g  t h e  s y s t e m  
s e n s i t i v i t y .  E i t h e r  t h e  t r a n s m i t t e r  p o w e r  o r  t h e  r e c e i v e r  
a p e r t u r e  c a n  b e  i n c r e a s e d .  T h e  s e c o n d  o p t i o n  i s  
u n a t t r a c t i v e  s i n c e  i t  w o u l d  n o t  o n l y  i n c r e a s e  t h e  o v e r a l l  
s i z e  o f  w h a t  i s  a t  p r e s e n t  a  c o m p a c t  i n s t r u m e n t ,  b u t  a l s o
5 . 4  SUMMARY
1 6 2
m a k e  m o r e  c o m p l e x  a n d  e x p e n s i v e  t h e  c o n s t r u c t i o n  o f  t h e  h i g h  
s p e e d  s c a n n i n g  u n i t  r e q u i r e d  f o r  a  f u l l y  e n g i n e e r e d  m o d e l .  
H o w e v e r ,  t h e r e  d o e s  a p p e a r  t o  b e  s o m e  s c o p e  f o r  i n c r e a s i n g  
t h e  l a s e r  o u t p u t  p o w e r  a s  o u t l i n e d  i n  c h a p t e r  3 .
O p e r a t i o n  o f  t h e  t e r r a i n  m a p p e r  h a s  s h o w n  t h a t  t h e
r e q u i r e d  r a n g i n g  a c c u r a c y  f o r  t e r r a i n  m a p p i n g  a p p l i c a t i o n s  
c a n  b e  e a s i l y  a c h i e v e d  u s i n g  f a i r l y  s i m p l e  r a n g i n g
t e c h n i q u e s .  T h e  i n h e r e n t l y  f a s t  p u l s e  r i s e t i m e s  o b t a i n a b l e  
f r o m  l a s e r  d i o d e s  p r o v i d e  a  w e l l  d e f i n e d  r e f e r e n c e  p o i n t  f o r  
d e t e r m i n i n g  t h e  t i m e  o f  a r r i v a l  o f  t h e  r e c e i v e d  p u l s e .  A s  
o n l y  t h e  f r o n t  e d g e  o f  t h e  p u l s e  i s  u s e d  i n  t h e  r a n g e  
m e a s u r e m e n t  s h o r t  d u r a t i o n  p u l s e s  a r e  b e n e f i c i a l  -  a g a i n  
t h i s  t o p i c  h a s  b e e n  c o v e r e d  i n  d e t a i l  i n  c h a p t e r  3 .
I n  c o n c l u s i o n ,  t h e  g a t h e r i n g  o f  t e r r a i n  f e a t u r e
i n f o r m a t i o n ,  s o  d i f f i c u l t  t o  o b t a i n  b y  o t h e r  t e c h n i q u e s ,  c a n  
b e  e f f e c t i v e l y  a c h i e v e d  u s i n g  a n  e q u i p m e n t  o f  t h e  t y p e  
d e s c r i b e d  h e r e .  H o w e v e r ,  p r e s e n t i n g  t h e  i n f o r m a t i o n  i n  s u c h  
a f o r m  t h a t  i t  c a n  b e  a s s i m i l a t e d  e a s i l y  i s  a n  a r e a  w h i c h
r e q u i r e s  f u r t h e r  s t u d y .
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p h o t o d i o d e s  i n  t h e  w a v e l e n g t h  r e g i o n  1 - 1 . 6  m i c r o n s ’ 
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B O E R S  D . J .  ’ D y n a m i c  b e h a v i o u r  o f  s e m i c o n d u c t o r  l a s e r s ’ 
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B R I D G E S  T . J .  e t . a l .  ’ C O 2 w a v e g u i d e  l a s e r s ’ A p p l .  P h y s .
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B R 0 0 K N E R  I .  ’ L i m i t  i m p o s e d  b y  a t m o s p h e r i c  d i s p e r s i o n  
o n  t h e  m a x i m u m  p u l s e w i d t h  t h a t  c a n  b e  t r a n s m i t t e d  
u n d i s t o r t e d ’ P r o c .  I E E E  ( L e t t e r s )  V o l . 5 7  P 1 2 3 4 - 5  
1 9 6 5
B R O O K N E R  I .  ’ A t m o s p h e r i c  p r o p a g a t i o n  a n d  c o m m u n i c a t i o n
c h a n n e l  m o d e l  f o r  l a s e r  w a v e l e n g t h s ’ I E E E  T r a n s .  C o m .  
T e c h .  V o l . C O M - 1 8  p 3 9 6 - 4 1 6  1 9 7 0
C H A R L T O N  D . E .  ’ R e c e n t  d e v e l o p m e n t s  i n  c a d m i u m  m e r c u r y
t e l l u r i d e  i n f r a r e d  d e t e c t o r s ’ J .  C r y s t .  G r o w t h  V o l . 5 9  
P 9 8 - 1 1 0  1 9 8 2
CHOWN M .  e t .  a l . ’ D i r e c t  m o d u l a t i o n  o f  d o u b l e  h e t e r o ­
s t r u c t u r e  l a s e r s  a t  r a t e s  u p  t o  1 G B i t / s ’  E l e c t .  L e t t .  
V o l . 9 P 3 4  1 9 7 3
C O U R T E N A Y  T . H .  e t . a l .  ' A c t i v e  i m a g i n g  w i t h  a  T E A  C O ^  
l a s e r ’ I n f r a r e d  P h y s .  V o l . 1 6  p 9 5 ~ 1 0 2  1 9 7 5
CHU T . S . , HOGG D . C .  ’ E f f e c t s  o f  p r e c i p i t a t i o n  o n
p r o p a g a t i o n  a t  0 , 6 3  3 . 5  a n d  1 0 . 6 m i c r o n s N B e l l  S y s .  
T e c h .  J .  V o l . 4 7  P 7 3 2 - 5 9  1 9 6 8
C O F F E Y  D . W . ,  N O R R I S  V . J .  ’ Y A G : N d  L a s e r  t a r g e t  d e s i g n a t o r s  
a n d  r a n g e f i n d e r s ’ A p p l . O p t .  V o l . 11 p 10 13 — 8 1972
C R O N E Y  J .  ’ C i v i l  m a r i n e  r a d a r ’ i n  R a d a r  H a n d b o o k  
E d .  M . I .  S k o l n i k  M c G r a w - H i l l  1 9 7 0
L e t t .  V o l . 20 p 4 0 3 -5  1972
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C U T R O N A  L . J .  ’ S y n t h e t i c  a p e r t u r e  r a d a r *  i n  R a d a r  H a n d b o o k  
E d .  M . I . S k o l n i k  M c G r a w - H i l l  1 9 7 0
D e  C R E M O U X  B . ,  L E I B A  E .  ’ F r e e  c a r r i e r  a b s o r p t i o n  f o r
1 0 m i c r o n  m o d u l a t i o n ’ P r o c .  I E E E  V o l . 5 7  P 1 6 7 4 - 5  1 9 6 9
C R U I C K S H A N K  J . M .  ' T r a n s v e r s e l y  e x c i t e d  a t m o s p h e r i c  C 0 2  
l a s e r  r a d a r  w i t h  h e t e r o d y n e  d e t e c t i o n ’ A p p l .  O p t .
V o l . 1 8  N o . 3  P 2 9 0 - 3  1 9 7 9
D A N I T Y  J . C .  ’ L a s e r  s p e c k l e  a n d  r e l a t e d  p h e n o m e n a ’ T o p i c s  
i n  A p p l i e d  P h y s i c s  V o l . 9  S p r i n g e r - V e r l a g  B e r l i n  1 9 7 5
D A V I S  J . I .  ’ C o n s i d e r a t i o n  o f  a t m o s p h e r i c  t u r b u l e n c e  i n  
l a s e r  s y s t e m s ’ A p p l .  O p t .  V o l . 5  P 1 3 9 - 4 6  1 9 6 6
D U L E Y  W . W .  1 C 0 2  L a s e r s  -  E f f e c t s  a n d  A p p l i c a t i o n s ’
A c a d e m i c  P r e s s  1 9 7 6
D U N P H Y  J . R . ,  e t .  a l .  ’ N o n l i n e a r  p r o p a g a t i o n  t h r o u g h  f o g 1 
I E E E  J .  Q u a n t .  E l e c .  V o l . Q E - 1 3  P96 1 9 7 7
E A R N S H A W  K . B . ,  OWENS J . C .  ’ A  d u a l  w a v e l e n g t h  o p t i c a l
d i s t a n c e  m e a s u r i n g  i n s t r u m e n t  w h i c h  c o r r e c t s  f o r  a i r  
d e n s i t y ’ I E E E  T r a n s .  Q u a n t .  E l e c .  V o l . Q E - 3  p 5 4 4 - 5 0  1 9 6 7
F O W L E R  V . J , S C H L A F E R  J .  ’ A s u r v e y  o f  l a s e r  b e a m
d e f l e c t i o n  t e c h n i q u e s ’ P r o c .  I E E E  V o l . 5 4  N o . 1 0  
P I 437- .44 1966
F O R R E S T E R  P . A . ,  H U L M E  K . F .  ’ R e v i e w  -  l a s e r  r a n g e f i n d e r s ’
O p t.  and Q u a n t .  E l e c t .  V o l . 13 p 2 5 9 -2 9 3
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F R I E D  D . L .  ’ O p t i c a l  h e t e r o d y n e  d e t e c t i o n  o f  a n  a t m o s p h e r i c -  
- a l l y  d i s t o r t e d  s i g n a l  w a v e f r o n t '  P r o c .  I E E E  V o l . 5 5  
P 5 7 - 6 6  1 9 6 7
G O O D W I N  J . C .  G A R S I D E  B . K .  ’ M e a s u r e m e n t s  o f  s p o n t a n e o u s  
e m i s s i o n  f a c t o r  f o r  i n j e c t i o n  l a s e r s '  I E E E  J .  Q u a n t .  
E l e c .  V o l . Q E - 1 8  p 1 2 6 4 - 7 1  1 9 8 2
H E N S H A W  P . D .  e t . a l .  ' D i g i t a l  b e a m  s w i t c h  f o r  a g i l e  b e a m  
l a s e r  r a d a r '  A p p l i e d  O p t i c s  V o l . 1 9  p 8 8 4 - 9 0  1 9 8 0
H U A N G  C . - C .  e t . a l .  ' C o m p a r i s o n  o f  G a A s  a n d  C d T e  C r y s t a l s  
f o r  H i g h  F r e q u e n c y  I n t r a c a v i t y  C o u p l i n g  M o d u l a t i o n  o f  
C 0 2 ’ I E E E  J .  Q u a n t .  E l e c t .  V o l . Q E - 1 0  p 1 8 6 - 1 9 1  1 9 7 4
H U L L  D . R .  F R E E M A N  N . J .  ' D y n a m i c  r a n g e  m e a s u r e m e n t s  o n
s t r e a k  c a m e r a s  w i t h  p i c o s e c o n d  r e s o l u t i o n ’
J .  P h y s .  ’ E ’ V o l . 1 3  P 6 8 5 - 9 0  1 9 8 0
H U L L  R . J .  M A R C U S  S .  ’ A  t a c t i c a l  1 0 . 6  m i c r o n  i m a g i n g  r a d a r '  
P r o c .  o f  t h e  N a t i o n a l  A e r o s p a c e  a n d  E l e c t r o n i c s  C o n f .  
N A E C O N  7 8  D a y t o n  O h i o  U S A  1 6 - 1 8  M a y  p 6 6 2 - 6 6 8
H U L M E  K . F . ,  C O L L I N S  B . S .  e t . a l .  ' A  C 0 2 l a s e r  r a n g e f i n d e r  
u s i n g  h e t e r o d y n e  d e t e c t i o n  a n d  c h i r p  p u l s e  c o m p r e s s i o n ’ 
O p t .  a n d  Q u a n t .  E l e c t .  ( G B )  V o l . 1 3  P 3 5 - 4 5  1 9 8 1
H U G H E S  A . J . ,  P I K E  E . J .  ’ R e m o t e  m e a s u r e m e n t  o f  w i n d  s p e e d  
b y  l a s e r  D o p p l e r  s y s t e m s '  A p p l .  O p t .  V o l . 1 2  p 5 9 7 - 6 0 1  
1 9 7 3
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I S H I M A R U  A .  ’ T h e o r y  a n d  a p p l i c a t i o n  o f  w a v e  p r o p a g a t i o n  
a n d  s c a t t e r i n g  i n  r a n d o m  m e d i a '  P r o c .  I E E E  V o l . 6 5  
P 1 0 3 0 - 6 1  1 9 7 7
I Z U T S U  M .  e t . a l .  ’ 1 0 G H z  B a n d w i d t h  t r a v e l l i n g  w a v e  L i N b 0 o
o
o p t i c a l  w a v e g u i d e  m o d u l a t o r ’ I E E E  J .  Q u a n t .  E l e c t .
V o l .  Q E - 1 4  P 3 9 4 - 5  1 9 7 8
J O H N S T O N  S . L .  ’ R a d a r  s y s t e m s  f o r  o p e r a t i o n  a t  s h o r t  
m i l l i m e t r i c  w a v e l e n g t h s ’ R a d i o  E l e c .  E n g .  V o l . 4 9  
P 3 6 1 - 9  1 9 7 9
J O N E S  R . C .  ’ P h e n o m e n o l o g i c a l  d e s c r i p t i o n  o f  t h e  r e s p o n s e  
a n d  d e t e c t i n g  a b i l i t y  o f  r a d i a t i o n  d e t e c t o r s '  P r o c . I R E  
V o l . 4 7  p 1 4 9 5 - 1 5 0 2  1 9 5 9
K A F A L A S  P . ,  F E R D I N A N D  A . P .  ’ F o g  d r o p l e t  v a p o r i z a t i o n  b y  
1 0 . 6 m i c r o n  l a s e r  p u l s e ’ A p p l . O p t .  V o l . 1 2  p 2 9 - 3 3  1 9 7 3
K I M  H .  ’ A i r b o r n e  b a t h y m e t r i c  c h a r t i n g  u s i n g  p u l s e d  b l u e -  
g r e e n  l a s e r s ’ A p p l .  O p t .  V o l . 1 6  p 4 6 - 5 6  1 9 7 7
K I N G  M , , S C H L O M  L .  ’ R a p i d - s c a n n i n g  l a s e r  r e c e i v e r '
A p p l .  O p t .  V o l . 1 7  p i 6 7 3 - 8  1 9 7 8
K O R P E L  A .  ’ A c o u s t o - O p t i c s ’ i n  A p p l i e d  S o l i d  S t a t e  S c i e n c e  
V o l . 3  e d .  R .  W o l f e  1 9 7 2
K R A U S  J . D .  ’ A n t e n n a s ’ C h a p t e r l  M c G r a w - H i l l  1 9 5 0
K R E S S E L  H .  B U T L E R  J . K .  ’ S e m i c o n d u c t o r  l a s e r s  a n d  
h e t e r o j u n c t i o n  L E D ’ s 1 A c a d e m i c  P r e s s  1 9 7 7
1 6 8
K R U S E  P . W .  e t .  a l . ’ E l e m e n t s  o f  i n f r a r e d  t e c h n o l o g y  : g e n -  
- e r a t i o n  t r a n s m i s s i o n  a n d  d e t e c t i o n ’ J o h n  W i l y  1 9 6 2
K U L C K E  W .  e t . a l .  ’ D i g i t a l  l i g h t  d e f l e c t o r s ’ P r o c .  I E E E  
V o l . 5 4  p l 3 7 4 - 9 0  1 9 6 6
L A A K M A N N  E L E C T R O - O P T I C S  I N C .  C a l i f o r n i a  U S A .
L A M B E R T S  C . W .  ’ A c t i v e  i m a g i n g  s y s t e m :  a  l o n g  r a n g e  s c a n n e d  
l a s e r ’ A p p l .  O p t .  V o l . 1 5  p 1 2 8 4 ~ 8 9  1 9 7 6
L A W R E N C E  R . S . ,  S T R O H B E H N  J . W .  ’ A  s u r v e y  o f  c l e a r - a i r
p r o p a g a t i o n  e f f e c t s  r e l e v e n t  t o  o p t i c a l  c o m m u n i c a t i o n s ’ 
P r o c .  I E E E  V o l . 5 8  p 1 5 2 3 - 4 5  1 9 7 0
L E R C H  C . S .  ’ S a t e l l i t e  S u r v e i l l a n c e  R a d a r ’ i n  R a d a r  
H a n d b o o k  E d .  M . I .  S k o l n i k  M c G r a w - H i l l  1 9 7 0
L L O Y D  J . M .  ’ T h e r m a l  i m a g i n g  s y s t e m s ’ P l e n u m  P r e s s  1 9 7 5
L O T S P E I C H  J . F .  ’ E l e c t r o o p t i c  l i g h t  b e a m  d e f l e c t i o n ’ I E E E  
S p e c t r u m  p 4 5 - 5 2  1 9 6 8
MAMON G .  e t . a l .  ’ P u l s e d  G a A s  l a s e r  t e r r a i n  p r o f i l e r '  
A p p l i e d  O p t i c s  V o l . 1 7  p 8 6 8 ~ 7 7  1 9 7 8
M A N E S  K . R . ,  S E G U I N  H . J .  ' A n a l y s i s  o f  t h e  C 0 2  T E A  L a s e r ’
J .  A p p l .  P h y s .  V o l . 43  N o . 12  P 5 0 7 3 - 8  1 9 7 2
M c C L A T C H E Y  R . A . ,  D ' A G A T I  A . P .  ’ A t m o s p h e r i c  t r a n s m i s s i o n  o f  
l a s e r  r a d i a t i o n :  c o m p u t e r  c o d e  L A S E R ’ A F G L - T R - 7 8  A i r  
F o r c e  G e o p h y s i c s  L a b .  M a s s .  U . S . A .
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M c V E Y  E . S . , L E E  J . W .  ' S o m e  a c c u r a c y  a n d  r e s o l u t i o n  a s p e c t s  
o f  c o m p u t e r  v i s i o n  d i s t a n c e  m e a s u r e m e n t ’ I E E E  T r a n s .  
P a t t .  A n a l y . & M a c h i n e  I n t .  V o l . P A M I - 4  p 6 4 6 - 9  1 9 8 2
M I L T O N  J . E .  ’ L I D A R  r e f l e c t a n c e  o f  f a i r - w e a t h e r  c l o u d s  a t  
0 . 9 0 3 m i c r o n s ’ A p p l .  O p t .  V o l . 1 1  p 6 9 7 ~ 8  1 9 7 2
N O R T O N  S . J .  I n t e r n a l  R e p o r t  U n i v e r s i t y  o f  S u r r e y
O L I V E R  B . M .  ’ S i g n a l  t o  n o i s e  r a t i o ’ s  i n  p h o t o e l e c t r i c  
m i x i n g ’ P r o c .  I R E  V o l . 4 9  p 1 9 6 0 —1 1 1 9 6 1
O L I V E R  C . J .  ' P u l s e  c o m p r e s s i o n  i n  o p t i c a l  r a d a r ’ I E E E
T r a n s .  A e r o ,  a n d  E l e c t .  S y s t .  V o l .  A E S - 1 5  P 3 0 6 - 2 4  1 9 7 9
P A O L I  T . L . ,  R I P P E R  J . E .  ’ D i r e c t  m o d u l a t i o n  o f  s e m i c o n d u c t o r  
l a s e r s '  P r o c . I E E E  V o l . 5 8  p 1 4 5 7 - 6 5  1 9 7 0
P I N N O W  D . A .  ’ G u i d e  l i n e s  f o r  t h e  s e l e c t i o n  o f  a c o u s t o -  
- o p t i c  m a t e r i a l s '  I E E E  T r a n s .  Q u a n t .  E l e c t .  V o l . Q E - 6  
P 2 3 3 - 8  1 9 7 0
P U R C E L L  J . J .  ’ M i l l i m e t r e  w a v e l e n g t h  i m p a t t  s o u r c e s ’ R a d i o  
E l e c .  E n g .  V o l . 4 9  P 3 4 7 - 5 0  1 9 7 9
R A C E T T E  G .  ' A b s o r p t i o n  e d g e  m o d u l a t o r  u l t i l i z i n g  a  p - n
j u n c t i o n ’ P r o c . I E E E  ( C o r r e s p o n d e n c e )  V o l . 5 2  p 7 16  1 9 6 4
R O B E R T S  T . G .  e t .  a l . ' H i g h - p o w e r  N 2 - C 0 2 - H e  l a s e r
D e v e l o p m e n t ’ I E E E  J .  Q u a n t .  E l e c .  V o l . Q E - 3  p 6 0 5  1 9 6 7
R O D G E R S  R . R . ,  S M I T H  P . L .  ' R a d a r  M e t e o r o l o g y ’ S c i .  P r o g .
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R O S S  M .  ’ L a s e r  r e c e i v e r s ’ J o h n  W i l e y  1 9 6 6
R A N D O  J . F . ,  Z A N K O W S K Y  D . R .  ’ L a s e r  a p p l i c a t i o n s  i n
c o n s t r u c t i o n  a g r i c u l t u r e  a n d  s u r v e y i n g ’ P r o c . I E E E  
V o l . 7 0  p 6 3 5 - 4 0  1 9 8 2
S C H A F E R  F . P .  ’ D y e  L a s e r s ’ S p i n g e r - V e r l a g  1 9 7 9
S I L V E R  S .  ’ A n t e n n a  t h e o r y  a n d  d e s i g n ’ M I T  R a d i a t i o n  
L a b o r a t o r y  S e r i e s  V o l . 1 2  C h a p t e r l  1 9 4 9
S C H I E L  E . J . ,  B O L M A R C I C H  J . J .  ’ D i r e c t  m o d u l a t i o n  o f  a  H e : N e  
g a s  l a s e r ’ P r o c . I E E E  C o r r e s p o n d e n c e  V o l . 5 1  p 9 4 0 - 1  1 9 6 3
S T E P H E N S  S . W .  ’ A d v a n c e d  d e s i g n  o f  J o u l e  T h o m p s o n  c o o l e r s  
f o r  i n f r a r e d  d e t e c t o r s ’ I n f r a r e d  P h y s .  V o l , 8 p 2 5 - 3 5
1968
S U T T O N  G . W .  ’ F o g  h o l e  b o r i n g  w i t h  p u l s e d  h i g h  e n e r g y  
l a s e r s :  a n  e x a c t  s o l u t i o n  i n c l u d i n g  s c a t t e r i n g  a n d  
a b s o r p t i o n ’ A p p l .  O p t .  V o l . 1 7  P 3 4 2 4 -3 0  1 9 7 8
T A Y L O R  M . J .  e t .  a l . ’ P u l s e d  C O ^  T E A  l a s e r  r a n g e f i n d e r ’
A p p l .  O p t .  V o l . 1 7  p 8 8 5  1 9 7 8
T E I C H  M . C .  ’ I n f r a r e d  H e t e r o d y n e  D e t e c t i o n ’ P r o c .  I E E E  
V o l . 5 6  p 3 7 - 4 6  1 9 6 8
T H O M P S O N  G . H . B .  ’ P h y s i c s  o f  s e m i c o n d u c t o r  l a s e r  d e v i c e s '  
J o h n  W i l e y  a n d  S o n s  1 9 8 0
V o l . 68 p 1 4 9 -7  6 1 983
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T U C K E R  R . S .  ’ C i r c u i t  m o d e l  o f  d o u b l e - h e t e r o s t r u c t u r e  l a s e r  
b e l o w  t h r e s h o l d ’ P r o c . I E E  V o l . 1 2 8  p l 8 0 - 4  1 9 8 1
U T H E  E . E .  ’ A i r b o r n e  l i d a r  m e a s u r e m e n t s  o f  s m o k e  p l u m e  
d i s t r i b u t i o n ,  v e r t i c a l  t r a n s m i s s i o n ,  a n d  p a r t i c l e  
s i z e 1 A p p l .  O p t .  V o l . 2 1  p 4 6 0 - 3  1 9 8 2
V a n  d e  H U L S T  H . C .  ’ L i g h t  s c a t t e r i n g  b y  s m a l l  p a r t i c l e s ’
J o h n  W i l e y  a n d  S o n s ,  N e w  Y o r k .  1 9 5 7
V O L L M E R  J .  ’ A p p l i e d  L a s e r s ’ I E E E  S p e c t r u m  V o l . 4 
p 6 6  J u n e  1 9 6 7
W A L S H  J . L .  U L R I C H  P . B .  ’ T h e r m a l  b l o o m i n g  i n  t h e  a t m o s p h e r e ’ 
i n  ’ T o p i c s  i n  a p p l i e d  p h y s i c s  -  l a s e r  b e a m  p r o p a g a t i o n  
i n  t h e  a t m o s p h e r e ’ V o l . 2 5  S p r i n g e r - V e r l a g  1 9 7 8
W H I T E  A . D . ’ S i m u l t a n e o u s  g a s  m a s e r  a c t i o n  i n  t h e  v i s i b l e  
a n d  i n f r a r e d ’ P r o c . I R E  V o l . 5 0  p 2 3 6 6  1 9 6 2
W I L L I A M S  P . D . L .  ’ T h e  d e t e c t i o n  o f  i c e  a t  s e a  b y  r a d a r ’
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A  S h o r t  R a n g e  A c t i v e  I m a g i n g  S y s t e m
I n t r o d u c t i o n
T h e  e a r l y  w o r k  c o v e r e d  b y  t h e  p r e s e n t  p r o j e c t  i n c l u d e d  
e x p e r i m e n t s  t o  a s s e s s  t h e  m e r i t s  o f  a c t i v e  i m a g e r s  a n d  t h e  
s o r t  o f  p e r f o r m a n c e  t h e y  m i g h t  a c h i e v e .  A  r e l a t i v e l y  s i m p l e  
i m a g i n g  s y s t e m  w a s  b u i l t  u p  a n d  u s e d  t o  g e n e r a t e  t h e  r e s u l t s  
d e p i c t e d  i n  t h e  i n t r o d u c t i o n ,  i n  F i g . 1 . 1  a n d  F i g . 1 . 2 .  T h i s  
A p p e n d i x  d e s c r i b e s  t h a t  e a r l y  s y s t e m  b r i e f l y .
T h e  m o r e  s o p h i s t i c a t e d  s y s t e m  d e s c r i b e d  i n  t h e  m a i n  
t e x t  h a s  d r a w n  o n  t h e  d e s i g n  e x p e r i e n c e  o f  t h i s  s y s t e m ,  i n  
p a r t i c u l a r  i n  t h a t  i t  u s e s  t h e  s a m e  l a s e r  s o u r c e .  T h e  
d e s c r i p t i o n  g i v e n  h e r e ,  o f  t h e  e a r l i e r  s y s t e m ,  i s
c o n s e q u e n t l y  k e p t  b r i e f ;  h o w e v e r  a  m o r e  c o m p l e t e  
d e s c r i p t i o n  i s  a v a i l a b l e  e l s e w h e r e  ( N o r t o n  1 9 8 0 ) .  T h e
m a t e r i a l  g i v e n  h e r e  s h o u l d  b e  s u f f i c i e n t  t o  i n d i c a t e  t h e  
o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  e q u i p m e n t .
T h e  H a r d w a r e
A b l o c k  d i a g r a m  o f  t h e  a c t i v e  i m a g e r  i s  s h o w n  i n  
F i g . A 1 . 1 / 1 .  H o u s e d  w i t h i n  t h e  r e c e i v e r  c a s i n g  i s  a  1 5 c m  
d i a m e t e r  r e c e i v i n g  m i r r o r ,  p h o t o d e t e c t o r  a n d  p r e a m p l i f i e r ,  
t r a n s m i t t e r  o u t p u t  d e f l e c t i o n  m i r r o r  a n d  o p t i c a l  f i l t e r .  
A t t a c h e d  t o  t h e  s i d e  o f  t h e  r e c e i v e r  c a s i n g  i s  t h e
s e m i c o n d u c t o r  l a s e r  d i o d e  b a s e d  t r a n s m i t t e r  m o d u l e .
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T h e  o p t i c a l  s e c t i o n  o f  t h e  r e c e i v e r  i n c l u d e s  a n  
o p t i c a l  f i l t e r ,  a  p h o t o d e t e c t o r / p r e a m p l i f i e r  a s s e m b l y  
p o s i t i o n e d  a t  t h e  p r i m e  f o c u s  o f  a  F / 1 . 8  r e c e i v i n g  m i r r o r .
T h e  o p t i c a l  f i l t e r  i s  f o r m e d  b y  a  1 5 c m  d i a m e t e r  
’ S c h o t t  G l a s s ’ R G 8 3 0  l o n g  w a v e l e n g t h  c u t - o f f  f i l t e r  a n d  t h e  
r e s p o n s e  o f  t h e  s i l i c o n  p h o t o d i o d e ,  g i v i n g  a n  o v e r a l l  
b a n d p a s s  r e s p o n s e  o f  a p p r o x i m a t e l y  2 1 0 n m  c e n t r e d  a t  9 0 0 n m .  
T h i s  f i l t e r  a l s o  s e r v e s  a s  a  c o v e r  p r o t e c t i n g  t h e  o p t i c a l  
c o m p o n e n t s  f r o m  d u s t  a n d  c o n t a m i n a t i o n .
T h e  p h o t o d i o d e  u s e d  i s  a s i l i c o n  a v a l a n c h e  d e v i c e  
( T e x a s  I n s t r u m e n t s  T I X L 5 6 )  w i t h  a n  a c t i v e  a r e a  o f  5  x  
I C T ^ c m ^ ,  ( 0 . 2 5 m m  d i a . )  a n d  a  g a i n  b a n d w i d t h  p r o d u c t  o f  
8 0 G H z .
T h e  i n s t a n t a n e o u s  f i e l d  o f  v i e w  ( I F O V )  o f  t h e  
r e c e i v i n g  o p t i c s  i s  g i v e n  b y : -
d e t e c t o r  d i a m e t e r
I F O V  = —    -------------------------------
f o c a l  l e n g t h  o f  m i r r o r
w h i c h  f o r  a , 2 5 m m  d i a m e t e r  d e t e c t o r  a n d  a  f o c a l  l e n g t h  o f  
2 7 0 m m  g i v e s  a I F O V  o f  a p p r o x i m a t e l y  0 . 9  m i l l i r a d i a n s . A  l o w  
n o i s e  t r a n s i m p e d a n c e  p r e a m p l i f i e r ,  w i t h  a t r a n s i m p e d a n c e  o f  
1 0 0 k o h m s  a n d  a  b a n d w i d t h  o f  4 0 M H z  i s  m o u n t e d  d i r e c t l y  b e h i n d  
t h e  p h o t o d e t e c t o r .
T h e  o u t p u t  s i g n a l  f r o m  t h e  t r a n s i m p e d a n c e  a m p l i f i e r  i s  
f i l t e r e d  b y  a  G a u s s i a n  r e s p o n s e  n e t w o r k .  T h i s
c o n f i g u r a t i o n ,  f o r  a  r e c t a n g u l a r  s h a p e d  p u l s e ,  d i f f e r s  b y  
o n l y  0 . 5 d B  f r o m  t h e  i d e a l  b u t  n o n - r e a l i s a b l e  m a t c h e d  f i l t e r .
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A f t e r  f i l t e r i n g  t h e  s i g n a l  ( p l u s  n o i s e )  i s  c o m p a r e d  t o  a 
r e f e r e n c e  l e v e l  s o  t h a t  t h e  s i g n a l  ' l i m i t s ’ a t  t h e  
c o m p a r a t o r  o u t p u t .  R a n g e - g a t i n g  i s  p e r f o r m e d  d i g i t a l l y  b y  a 
D - t y p e  f l i p - f l o p .  T h e  w i d t h  o f  t h e  r a n g e - g a t e  i s  d e t e r m i n e d  
b y  t h e  c l o c k i n g  t i m e  o f  t h e  f l i p - f l o p ,  w h i c h  i s  t y p i c a l l y  a  
f e w  n a n o s e c o n d s ,  c o r r e s p o n d i n g  t o  a  r a n g e  o f  l e s s  t h a n  1 m .
T h e  o p t i c a l  t r a n s c e i v e r  a s s e m b l y  i s  m o u n t e d  o n  a  
s t u r d y  p l a t f o r m  a n d  g e a r b o x  ( D e c c a  R a d a r  t y p e  1 5 1  a e r i a l  
t u r n i n g  u n i t ) .  T w o  o u t p u t  s h a f t s  a r e  a v a i l a b l e  f r o m  t h e  
g e a r b o x  s e c t i o n .  T h e  f i r s t  i s  g e a r e d  d o w n  b y  1 8 0 : 1  a n d  i s  
u s e d  t o  d r i v e  t h e  a z i m u t h  i n d i c a t o r  c i r c u i t .  T h i s  c o m p r i s e s  
o f  a  t e n  t u r n  p o t e n t i o m e t e r  c o u p l e d  t o  t h e  g e a r b o x  s h a f t .  
T h e  m a x i m u m  a n g u l a r  c o v e r a g e  u s i n g  t h i s  a r r a n g e m e n t  i s  + / -  
1 0 d e g r e e s  w h i c h  i s  m o r e  t h a n  a d e q u a t e  f o r  t h i s  a p p l i c a t i o n .  
T h e  r e s o l u t i o n  i s  l i m i t e d  b y  t h e  p o t e n t i o m e t e r  t o  0 . 1  
m i l l i r a d i a n s .
T h e  t r a n s c e i v e r  e l e v a t i o n  a n g l e  c a n  b e  v a r i e d  b y  m e a n s  
o f  a n  a d j u s t i n g  s c r e w  l o c a t e d  a t  t h e  r e a r  o f  t h e  g e a r b o x  
p l a t f o r m .  A  3 2  l e v e l  s w i t c h a b l e  a m p l i t u d e  m o d u l a t e d  
v o l t a g e ,  e a c h  l e v e l  c o r r e s p o n d i n g  t o  a  p a r t i c u l a r  e l e v a t i o n  
a n g l e  ( i . e .  p i c t u r e  l i n e ) ,  i s  u s e d  t o  d r i v e  t h e  Y  c h a n n e l  
o f  t h e  d i s p l a y .  T h e  i m a g e  o f  t h e  t a r g e t  i s  b u i l t  u p ,  l i n e -  
b y  -  l i n e ,  o n  d i r e c t  p r i n t  p h o t o g r a p h i c  p a p e r  u s i n g  a 
f i b r e - o p t i c  f a c e p l a t e  c a t h o d e  r a y  t u b e  r e c o r d e r  ( M e d e l e c  
F O R - 4 . 2  r e c o r d i n g  o s c i l l o s c o p e )
A n  a v a l a n c h e  t r a n s i s t o r  b a s e d  c i r c u i t  w a s  a d o p t e d  f o r  
t h e  l a s e r  d r i v e r .  T h e  g e n e r a t e d  c u r r e n t  p u l s e  i s  s h o w n  i n  
F i g . A 1 . 1 / 2 ,  a l s o  s h o w n  i s  t h e  o p t i c a l  p u l s e ,  m e a s u r e d  u s i n g
a) C u r re n t  ( lo w e r  t r a c e )  and o p t i c a l  pu lses  w i t h  l a s e r  
d r iv e n  a t  maximum r a t i n g  ( c u r r e n t  s c a le  2 A / d i v . )
b) C urre n t  ( lo w e r  t r a c e )  and o p t i c a l  pu lses  w i t h  l a s e r  
d r iv e n  j u s t  above t h r e s h o ld  ( c u r r e n t  s ca le  1 A / d i v . )
F i g . A 1 . 1 /2  Laser  d r i v e  c u r r e n t  and o p t i c a l  waveforms ( t ime  
sca le  -  1 0 n s / d i v . )
1 7 8
a  p . i . n .  p h o t o d i o d e  o f  0 , 5 n s  r i s e t i m e  ( H e w l e t t  P a c k a r d  
H P 4 2 2 0 )  a n d  a  1 . 3 n s  r i s e t i m e  o s c i l l o s c o p e  ( H e w l e t t  P a c k a r d  
H P 1 7 2 2 A ) . F i g . A 1 . 1 / 2 b  s h o w s  t h e  o u t p u t  p u l s e  w h e n  t h e  l a s e r
d i o d e  i s  d r i v e n  j u s t  a b o v e  t h r e s h o l d  w i t h  a  4 . 5 A  c u r r e n t  
p u l s e .  O w i n g  t o  t h e  l a r g e  d i v e r g e n c e  a n g l e  ( 2 0 d e g r e e s )  o f  
t h e  l a s e r  d i o d e  o u t p u t  i t  i s  n e c e s s a r y  t o  c o l l i m a t e  t h e  
b e a m .  T h i s  i s  a c h i e v e d  b y  a  f / 1  m o u l d e d  a s p h e r i c  c o n d e n s e r  
l e n s .  T h e  l o w  f  n u m b e r  i s  r e q u i r e d  t o  e n s u r e  t h a t  a l l  o f  
t h e  l a s e r ’ s  o u t p u t  p o w e r  i s  c o l l e c t e d  b y  t h e  c o l l i m a t i n g  
l e n s .  T o  a v o i d  f u r t h e r  o b s c u r a t i o n  o f  t h e  r e c e i v i n g  o p t i c s  
t h e  m a x i m u m  s i z e  o f  t h e  o n  a x i s  t r a n s m i t t e r  o u t p u t  m i r r o r  
w h i c h  c a n  b e  i n c o r p o r a t e d  i s  2 5 m m  d i a m e t e r .  T h i s  r e q u i r e s  
t h a t  t h e  c o l l i m a t i n g  l e n s  s h o u l d  h a v e  a  f o c a l  l e n g t h  o f  5 0 m m  
o r  l e s s .  T h e  l e n s  u s e d  h e r e  h a s  a  f o c a l  l e n g t h  o f  2 5 m m  a n d  
a  d i a m e t e r  o f  3 1 . 5 m m .
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T e m p o r a l  V a r i a t i o n s  w i t h i n  t h e  L a s e r  B e a m
E s s e n t i a l l y  t h e  s a m e  m e a s u r e m e n t  s y s t e m  w a s  u s e d  a s  
f o r  t h e  s e r i e s  o f  m e s u r e m e n t s  d e s c r i b e d  i n  C h a p t e r  3 ,  a p a r t  
f r o m  t h e  a r r a n g e m e n t  o f  t h e  o p t i c a l  d e t e c t o r .  T h e  d e t e c t o r  
( a c t i v e  d i a m e t e r  0 . 2 m m )  w a s  m o u n t e d  a t  a  d i s t a n c e  o f  3 0 m m  
f r o m  t h e  e m i t t i n g  f a c e t  o f  t h e  l a s e r  d i o d e .  T h e  d e t e c t o r  
w a s  m o v e d  v e r t i c a l l y  i n  i n c r e m e n t s  o f  0 . 5 m m  a b o v e  a n d  b e l o w  
t h e  n o m i n a l  c e n t r e  o f  t h e  l a s e r  e m i s s i o n  p a t t e r n .  E a c h  s t e p  
c o r r e s p o n d e d  t o  a n  a n  a n g l e  i n c r e m e n t  o f  a p p r o x i m a t e l y  1 
d e g r e e .  T h e  p o s i t i o n  o f  t h e  d e t e c t o r  w a s  m e a s u r e d  u s i n g  a  
h i g h  p r e c i s i o n  d i a l  g a u g e .
F i g s  A 3 . 1 / 1  a n d  / 2  s h o w  t h e  r e s u l t s  o b t a i n e d  f r o m  a 
5 . 5 A  t h r e s h o l d  l a s e r  d r i v e n  w i t h  a  1 5 A  a p r o x i m a t e l y
h a l f - s i n e  s h a p e d  p u l s e  o f  b a s e w i d t h  1 6 n s  ( o b t a i n e d  f r o m  t h e  
P o w e r  T e c h n o l o g y  p u l s e r ) .  T h e  e m i t t i n g  f a c e t  w a s  o r i e n t a t e d  
n o r m a l  ( F i g .  A 3 . 1 / 1 )  a n d  p a r a l l e l  ( F i g . A 3 . 1 / 2 )  t h e
m e a s u r e m e n t  p l a n e .  T h e  n a r r o w e r  b e a m  d i v e r g e n c e  a n g l e  i n  
t h e  p l a n e  n o r m a l  t o  t h e  j u n c t i o n  i s  e v i d e n t .  D i s t i n c t
t e m p o r a l  v a r i a t i o n s  c a n  b e  o b s e r v e d  a c r o s s  t h e  b e a m  p r o f i l e  
i n  b o t h  c a s e s .  I n  t h e  p l a n e  p a r a l l e l  t o  t h e  j u n c t i o n  
c o n s i d e r a b l e  v a r i a t i o n s  i n  t h e  l e a d i n g  e d g e  ' s p i k e *  a r e
p r e s e n t .  T h e  m a g n i f i e d  p l o t s  o f  t h e  b e a m  c e n t r a l  r e g i o n  
( F i g s . 3 . 1 / 1 ( b ) a n d  / 2 ( b ) )  s h o w  t h a t  v e r y  l i t t l e  d i f f e r e n t i a l  
t i m e  d e l a y  i s  p r e s e n t  a c r o s s  t h e  b e a m .  T h e  t i m e  a x i s
APPENDIX 3 .1
1 8 0
g r a d u a t i o n s  a r e  s p a c e d  a t  a p p r o x i m a t e l y  7 5 p s .
F i g . A 3 . 1 / 3  s h o w s  t h e  s a m e  l a s e r  o r i e n t a t e d  p a r a l l e l  t o  
t h e  m e a s u r e m e n t  p l a n e  a n d  d r i v e n  a t  2 5 A .  T h e  p l o t  i s  
s i m i l a r  i n  p r o f i l e  t o  t h e  1 5 A  r e s p o n s e .  T h e  r a t i o  o f  t h e  
i n t e n s i t y  o f  t h e  l e a d i n g  e d g e  p e a k  t o  t h e  m a i n  p u l s e  b o d y  
h a s  n o w ,  h o w e v e r  r e d u c e d .
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a )  F u l l  b e a m  p r o f i l e
F i g .  A 3 . 1 / 1  S p a t i a l / T e m p o r a l  b e a m  p r o f i l e  f o r  5 . 5 A  
t h r e s h o l d  l a s e r  d r i v e n  w i t h  P o w e r  T e c h n o l o g y  p u l s e r  a t  1 5 A .  
E m i t t i n g  f a c e t  o r i e n t a t e d  n o r m a l  t o  m e a s u r e m e n t  p l a n e .
1 8 2
7/ o  B
r% X
°  x
\9 ft
a )  F u l l  b e a m  p r o f i l e
b )  M a g n i f i e d  v i e w  o f  b e a m  c e n t r e  (  T i m e  a x i s  l i n e s  7 8 p s  )
F i g .  A 3 . 1 / 2  S p a t i a l / T e m p o r a l  b e a m  p r o f i l e  f o r  5 . 5 A  
t h r e s h o l d  l a s e r  d r i v e n  w i t h  P o w e r  T e c h n o l o g y  p u l s e r  a t  1 5 A .  
E m i t t i n g  f a c e t  o r i e n t a t e d  p a r a l l e l  t o  m e a s u r e m e n t  p l a n e .
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b )  M a g n i f i e d  v i e w  o f  b e a m  c e n t r e  (  T i m e  a x i s  l i n e s  7 8 p s  )
F i g .  A 3 . 1 / 3  S p a t i a l / T e m p o r a l  b e a m  p r o f i l e  f o r  5 . 5 A  
t h r e s h o l d  l a s e r  d r i v e n  w i t h  P o w e r  T e c h n o l o g y  p u l s e r  a t  2 5 A .
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G e n e r a l  D e s c r i p t i o n
T h e  l a s e r  d i o d e  s i m u l a t i o n  p r o g r a m  s o l v e s  t h e  c o u p l e d  
r a t e  e q u a t i o n s  f o r  t h e  e l e c t r o n  a n d  p h o t o n  d e n s i t i e s  a n d  
p r o d u c e s  a g r a p h i c a l  p l o t  o f  t h e  t e m p o r a l  b e h a v i o u r  o f  t h e s e  
q u a n t i t i e s .  T h e  p r o g r a m  i s  w r i t t e n  i n  s t a n d a r d  A N S I  
F 0 R T R A N 7 7  a n d  i s  c o m p o s e d  o f  a  m a i n  p r o g r a m  s e g m e n t  p l u s  a  
n u m b e r  o f  s e l f - c o n t a i n e d  s u b - p r o g r a m s .  T h i s  m o d u l a r  
a p p r o a c h  a l l o w s  m o d i f i c a t i o n s  a n d  a d d i t i o n a l  c u s t o m  r o u t i n e s  
t o  b e  e a s i l y  i m p l e m e n t e d  w i t h i n  t h e  f r a m e w o r k  o f  t h e  
o r i g i n a l  p r o g r a m .
T h e  d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  e l e c t r o n  a n d  p h o t o n  
d e n s i t i e s  b o t h  i n c l u d e  t e r m s  c o n t a i n i n g  t h e  o t h e r  v a r i a b l e .  
A  s o l u t i o n  i s  t h e r e f o r e  c o m p u t e d  b y  s o l v i n g  o n e  e q u a t i o n  
o v e r  a  s h o r t  t i m e  i n t e r v a l  u s i n g  t h e  p r e v i o u s  s o l u t i o n  t o  
t h e  c o u p l e d  e q u a t i o n  a s  a  c o n s t a n t .  T h e  c o u p l e d  e q u a t i o n  i s  
t h e n  s o l v e d  i n  a  s i m i l a r  m a n n e r .  T h i s  p r o c e d u r e  i s  r e p e a t e d  
u n t i l  t h e  s o l u t i o n  h a s  b e e n  o b t a i n e d  o v e r  t h e  r e q u i r e d  t i m e  
s c a l e .
B e f o r e  t h e  e q u a t i o n s  a r e  s o l v e d  r o u t i n e s  a r e  c a l l e d  t o  
g e n e r a t e  t h e  c u r r e n t  w a v e f o r m  a n d  s e l e c t  t h e  v a l u e s  f o r  t h e  
v a r i o u s  c o n s t a n t s .
T o t a l  CPU t i m e  i s  d e p e n d e n t  o n  t h e  t i m e  s c a l e  a n d  t i m e  
i n c r e m e n t  s e l e c t e d ,  b u t  i s  t y p i c a l l y  a f e w  s e c o n d s .
APPENDIX 3 . 2
L a s e r  D io d e  S i m u la t i o n  P rogram
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O n l y  s m a l l  m o d i f i c a t i o n s  a r e  n e c e s s a r y  t o  t h e  p r o g r a m  
t o  e n a b l e  a u t o m a t i c  r e r u n n i n g  a n d  i n c r e m e n t i n g  o f  e i t h e r  t h e  
c o n s t a n t s  o r  s o m e  p a r a m e t e r  o f  t h e  p u m p i n g  c u r r e n t .  I n  t h i s  
w a y  c h a r a c t e r i s t i c s  o f ,  s a y ,  d r i v e  c u r r e n t  a m p l i t u d e  v e r s u s ,  
s a y ,  o p t i c a l  p u l s e w i d t h  o r  t u r n  o n  d e l a y  c a n  e a s i l y  b e  
g e n e r a t e d .
A  b r i e f  d e s c r i p t i o n  o f  t h e  p r o g r a m s  r o u t i n e s  i s  g i v e n  
b e l o w  t o g e t h e r  w i t h  a  l i s t i n g  o f  t h e  p r o g r a m .
P r o g r a m  S u b r o u t i n e s
N a m e  : DC
C a l l e d  F r o m  C U R R N
R o u t i n e s  C a l l e d  N o n e
P r e s e t s  t h e  e l e c t r o n  c o n c e n t r a t i o n  t o  a  v a l u e  
d e t e r m i n e d  b y  t h e  b i a s  c u r r e n t ,  B I A S I ,  s e l e c t e d  b y  t h e  u s e r .  
(  N o t e  : B I A S I  c a n  o n l y  b e  s e t  t o  a  v a l u e  l e s s  t h a n  t h e
c u r r e n t l y  s e l e c t e d  t h r e s h o l d  c u r r e n t ,  T H R E S I . )
N a m e  : CO NS
R o u t i n e s  C a l l e d  N o n e
C a l l e d  F r o m  M A I N
O n e n t r y  t h i s  r o u t i n e  d i s p l a y s  t h e  c u r r e n t  v a l u e s  o f  
t h e  c o n s t a n t s  i n  t h e  r a t e  e q u a t i o n s .  I n  a d d i t i o n  t h e  
r i s e - t i m e  o f  t h e  m e a s u r e m e n t  s y s t e m  f i l t e r  a n d  w h e t h e r  t h e  
f i l t e r  i s  a c t i v e ,  i s  a l s o  d i s p l a y e d .  A n y  o f  t h e  d i s p l a y e d  
p a r a m e t e r s  c a n  b e  a s s i g n e d  n e w  v a l u e s .
Y1 8 6
N a m e  : C U R R N
R o u t i n e s  C a l l e d  : -  DC 
C a l l e d  F r o m  M A I N
O n  e n t r y  t h e  r o u t i n e  p r o m p t s  f o r  o n e  o f  f i v e  t i m e  
s c a l e s  t o  b e  s e l e c t e d  ( 0 - 2 . 5 n s  u p  t o  0 ~ 4 0 n s  ) .  A  c h o i c e  o f  
t h r e e  w a v e f o r m  g e n e r a t o r s ,  t r a p e z o i d a l ,  h a l f - s i n e  a n d  u s e r  
d e f i n e d  a r e  a v a i l a b l e .
T r a p e z o i d a l  : -  t h e  r i s e  a n d  f a l l  t i m e s ,  h a l f w i d t h  a n d  
p e a k  a m p l i t u d e  o f  t h e  p u l s e  c a n  b e  d e f i n e d .
H a l f  S i n e  d e f i n e d  b y  p e a k  a m p l i t u d e  a n d  b a s e
d u r a t i o n .
U s e r  D e f i n e d  : -  a n y  a r b i t r a r y  p u l s e s h a p e  c o m p r i s i n g  o f  
8 0 0  d a t a  p o i n t s  r e s i d e n t  i n  a  f i l e  a c c e s s a b l e  b y  t h e  
p r o g r a m .
T h e  c u r r e n t  w a v e f o r m ,  o n c e  g e n e r a t e d  i s  s t o r e d  i n  a n  
a r r a y  n a m e d  A C U R .
N a m e  : F I L T E R
R o u t i n e s  C a l l e d  N o n e
C a l l e d  F r o m  : -  M A I N
T h i s  r o u t i n e  s i m u l a t e s  t h e  e f f e c t  o f  t h e  l i m i t e d  
b a n d w i d t h  o f  t h e  o p t i c a l  d e t e c t i o n  s y s t e m  u s e d  t o  o b s e r v e  
t h e  l a s e r  o u t p u t .  A  s i m p l e  l o w  p a s s  f i l t e r  ( 6 d B / o c t a v e  
r o l l  o f f  ) i s  i m p l e m e n t e d .
N a m e  : G P L O T
R o u t i n e s  C a l l e d  G I N O  L I B R A R Y
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P l o t s  8 0 0  p o i n t  a r r a y s  ( i e  A E C O N  a n d  A P C O N  ) o n  
c u r r e n t l y  d e f i n e d  a x e s .
C a l le d  From SPLOT
N a m e  : L A B E L
R o u t i n e s  C a l l e d N o n e
C a l l e d  F r o m  : ~ M A I N
E n a b l e s  a x i s  l a b e l s  a n d  g r a p h  t i t l e  t o  b e
t h e  k e y b o a r d .
N a m e  : NORM
R o u t i n e s  C a l l e d N o n e
C a l l e d  F r o m M A I N
N o r m a l i z e  8 0 0 p o i n t  p l o t t i n g  a r r a y  b y
Y M A X / S V A L
N a m e  : P E A K
R o u t i n e s  C a l l e d N o n e
C a l l e d  F r o m  : ~ M A I N
F i n d s  p e a k  v a l u e  o f  a n y  8 0 0  e l e m e n t  a r r a y
i s  r e t u r n e d  t o  m a i n p r o g r a m  i n  t h e  v a r i a b l e  MA X
N a m e  : P L A B E L
R o u t i n e s  C a l l e d G I N O  L I B R A R Y
C a l l e d  F r o m  : ~ S P L O T
P r i n t s  t e x t  e n t e r e d  f r o m  L A B E L  r o u t i n e .
f a c t o r
N a m e P U L S E
1 8 8
C a l l e d  F r o m  M A I N
F i n d s  h a l f w i d t h  d u r a t i o n  o f  a n y  8 0 0  e l e m e n t  a r r a y .  
A l s o  o b t a i n s  t h e  l o c a t i o n  o f  t h e  f i r s t  a r r a y  e l e m e n t  w h i c h
h a s  a  v a l u e  g r e a t e r  t h a n  0 . 1  t i m e s  t h e  p e a k  v a l u e .  W h e n
A P C O N  i s  p a s s e d  t o  t h i s  r o u t i n e  t h i s  v a l u e  c o r r e s p o n d s  t o
t h e  l a s e r  t u r n  o n  t i m e  d e l a y .
R o u t in e s  C a l le d  PEAK
N a m e  : S P L O T
R o u t i n e s  C a l l e d  G I N O  L I B R A R Y ,  G P L O T ,  L A B E L ,  P L A B E L
C a l l e d  F r o m  M A I N
G e n e r a t e s  s c a l e d  a x e s .
N a m e  : S T O R E
R o u t i n e s  C a l l e d  N o n e
C a l l e d  F r o m  M A I N
T h i s  r o u t i n e  s t o r e s  a  t o t a l  o f  8 0 0  v a l u e s  o f  b o t h  t h e  
e l e c t r o n  ( E C 0 N )  a n d  p h o t o n  ( P C 0 N )  d e n s i t i e s  i n  a r r a y s  A E C O N  
a n d  A P C O N  r e s p e c t i v e l y .  (  N o t e  : T h e  r a t e  e q u a t i o n s  a r e
a l w a y s  s o l v e d  w i t h  a  f i x e d  t i m e  i n c r e m e n t ,  T I M E I ,  
i r r e s p e c t i v e  o f  t h e  s e l e c t e d  t i m e  s c a l e  t o  p r e s e r v e  
a c c u r a c y .  O n  t h e  2 . 5 n s  r a n g e  a  m i n i m u m  o f  8 0 0  p o i n t s  i s  
g e n e r a t e d  w h e r e a s  o n  t h e  4 0 n s  r a n g e  1 2 8 0 0  p o i n t s  a r e  
o b t a i n e d .  S i n c e  8 0 0  p o i n t s  i s  m o r e  t h a n  a d e q u a t e  f o r  
g r a p h i c a l  d i s p l a y  S T O R E  a u t o m a t i c a l l y  s u b - s a m p l e s  t h e  d a t a  
t o  p r o d u c e  p l o t t i n g  a r r a y s  o f  8 0 0  p o i n t s ) .
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C
C * * * * * * * * * * * *  L A S E R  d i o d e  s i m u l a t i o n  p r o g r a m  * * * * * * * *
c
C S . J .  N o r t o n
C D e p a r t m e n t  o f  E l e c t r o n i c  a n d  E l e c t r i c a l  E n g .
C U n i v e r s i t y  o f  S u r r e y ,
C G U I L D F O R D ,
C S u r r e y .
Cc ***************************************************
c
DIMENSION AECONC 8 0 0 ) ,APCON(800),ACUR(800),X(800)
REAL L MAX
COMMON/ARR/ AECON, APCON, X, PECON
C O M M O N / C O N S T /  E C 0 N , P C 0 N , C 1 , C 2 , C 3 , C 4 , C 5 , C 6 , B I A S I , T H R E S I  
C H A R A C T E R  A N S  
I N T E G E R  Y , Z , V  
M = 0
RT=600 
V=0 
Z = 2
CSCALE=20
FLAG=1
J=1
PRINT* , * 1 
SCALE=100 
THRESI=5.5 
D = .01 
L=. 0 4 
W= . 0 0 0 2  
E=1 .6E-19  
C3=.000000005  
C4=5.E17 
C5= . 0 0 2  
C6=3E-12
1 0  C A L L  C U R R N ( A C U R , X , M , I S A M P , T S C A L E , A M P S )
SVAL2=75
20 CALL CONS(W,L,D,SCALE,FLAG,RT,Z)
TIMEI=.0000000025/800  
C2= 1 / ( D*L*W*E)
0 1 = 1 / ( (C2*THRESI*C3-C4)*C6)
PCON=0
EC0N=0
CALL DC(ACUR)
DO 40 1=1,6400  
DO 30 Y=1,Z 
V=V+1
C7=EXP(-((C1*PCON+1/C3)*TIMEI))
EC0N=EC0N*C7+(C1*C4*PC0N+C2*ACUR(J)) * ( 1-C7)/ (C1*
C 8  = E X P ( ( C 1 * ( E C O N - C 4 ) - 1 / C 6 ) * T I M E I )
PC0N=PC0N*C8+(1-C8)*C5*EC0N/(C3*(1/C6-C1 * ( ECON-C
PCON+1/C3)
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3 0
4 0
5 0
6 0
1 1 = I S A M P  
R E M = M O D ( V , 1 1 )
I F  ( R E M . E Q . 0 )  C A L L  S T O R E ( A E C O N , A P C O N , X , E C O N , P CO N
, T S C A L E , J , I )
I F  ( J . E Q . 8 0 0 )  GO T O  5 0  
C O N T I N U E  
C O N T I N U E
I F  ( F L A G . E Q . - 1 )  C A L L  F I L T E R ( A P C O N , T I M E I , I S A M P , Z , R T )  
C A L L  P E A K ( A E C O N , P E C O N )
C A L L  P E A K ( A P C O N , P P C O N )
S C A L E = . 7 5 * P E C O N / P P C O N  
S V A L = 1 0 0
C A L L  N O R M ( A E C O N , P E C O N , S V A L )
C A L L  N O R M ( A P C O N , P P C O N , S V A L 2 )
M = 0
J = 1
V = 0
C C A L L  P U L S E ( A P C O N , W I D T H , D E L A Y )
P R I N T * , 11
P R I N T * , ’ P E A K  O P T I C A L  O / P ’ , P P C O N  
C A L L  S P L O T ( T S C A L E )
C P R E S S  Q TO Q U I T '
C P R I N T * , ' P R E S S  A N Y  K E Y  TO  R E - R U N ’
7 0  R E A D ( * , ' ( A ) ’ ) A N S
I F  ( A N S . E Q . » Q « ) GO T O  8 0  
GOTO 1 0  
8 0  END
C * * * * * * * * * * * * * * *  P A R A M E T E R  C H A N G E  R O U T I N E  * * * * * * *
S U B R O U T I N E  C O N S ( W , L , D , S C A L E , F L A G , R T , Z )
C O M M O N / C O N S T /  E C O N , P C O N , C 1 , C 2 , C 3 , C 4 , C 5 , 0 6 , B I A S I , T H R E S I  
R E A L  L  
I N T E G E R  Z
C H A R A C T E R  K E Y  * 6 , O U T  * 3  
1 0  I F C F L A G . E Q , - 1 ) T H E N
O U T = ’ I N 1 
E L S E
O U T = ’ O U T ’
END  I F  
P R I N T *
P R I N T *
P R I N T *
P R I N T *
P R I N T *
P R I N T *
P R I N T *
P R I N T *
P R I N T *
P R I N T *
P R I N T *
P R I N T *
R E A D ( *
4 ) ) )
P A R A M E T E R S  V A L U E S  A R E : - ’
1 . ........................ T H R E S H O L D  C U R R E N T  ( A ) 1 , T H R E S I
 2 ...........................  E L E C T R O N  R E L A X A T I O N  T I M E  ( n s ) ' , C 3
 3 ............................ P H O T O N  R E L A X A T I O N  T I M E  ( p s ) » , C 6
 4 ...........................  S P O N T A N E O U S  E M I S S I O N  P R 0 B . ’ , C 5
 5 ...........................  L A S E R  C A V I T Y  D I M E N S I O N S ' , W , D , L
 6 ...........................  O P T I C A L  S C A L E  F A C T O R ’ , S C A L E
 7 ...........................  B A C K G R O U N D  C O N C E N T R A T I O N C 4
I F  ( K E Y . E Q . ' Y ' )  
R E T U R N
 8 ........................ M E A S U R E M E N T
 9 ...........................  F I L T E R  R T  =
1  0 ............................ Z F A C T O R  =
C H A N G E  P A R A M E T E R S  Y / N ’ 
( A ) ’ ) K E Y
GO TO 20
F I L T E R  
R T
, O U T
' Z
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2 0  P R I N T * , ’ E N T E R  P A R A M E T E R  N o .  ( E N T E R  0  TO  F I N I S H ) ’
R E A D * , I
I F  ( I . E Q . 1  ) R E A D * , T H R E S I  
I F  ( I . E Q . 2  ) R E A D * , C 3  
I F  ( I . E Q . 3  ) R E A D * , C 6  
I F  ( I . E Q . 4  ) R E A D * , C5  
I F  ( I . E Q . 5 )  R E A D * , W 
I F  ( I . E Q . 6 )  R E A D * , S C A L E  
I F  ( I . E Q . 7 )  R E A D * , C 4  
I F  ( I . E Q . 8 )  F L A G = F L A G * ( - 1 )
I F  ( I . E Q . 9 )  R E A D * , R T
I F  ( I . E Q . 1 0 )  R E A D * , Z
I F  ( I . E Q . O  ) T H E N
C A L L  P I C C L E
GO T O  1 0
END I F
G O T O  2 0
END
c  * * * * * * * * * *  C U R R E N T  W A V E F O R M  G E N E R A T O R  * * * * * * * * *  
S U B R O U T I N E  C U R R N ( A C U R , X , M , I S A M P , T S C A L E , A M P S )
D I M E N S I O N  A C U R (  8 0 , 0 )  , X (  8 0 0 )
C O M M O N / C O N S T /  E C O N , P C O N , C 1 , C 2 , C 3 , C 4 , C 5 , C 6 , B I A S I , T H R E S I  
S A V E
C H A R A C T E R  A N S * 1
I F  ( M . E Q . 1 . A N D . I N . E Q . 1 ) G 0 T 0 3 0  
I F  ( M . E Q . 1 . A N D . I N . E Q . 2 )  G O T O 9 0  
I F  ( M . E Q . 1 . A N D . I N . E Q . 3 )  G O T O 1 5 0
’ S E L E C T  T I M E B A S E ’
' 0  .................  2 . 5 n s '
' 1   _____  5 . O n s »
' 2   ..............  1 0  n s '
' 3  .................  2 0  n s '
' 4  . . . . . .  4 0  n s '
P R I N T * ,
P R I N T * ,
P R I N T * ,
P R I N T * ,
P R I N T * ,
P R I N T * ,
R E A D * , I T B A S E  
T S C A L E = 2 . 5
I F  ( I T B A S E . E Q . 1 )  T S C A L E = 5  
I F  ( I T B A S E . E Q . 2 )  T S C A L E = 1 0  
I F  ( I T B A S E . E Q . 3 )  T S C A L E = 2 0  
I F  ( I T B A S E . E Q . 4 )  T S C A L E = 4 0  
I S A M P = 2 * * I T B A S E  
1 0  P R I N T * , ' T H R E E  W A V E F O R M  G E N E R A T O R S  A R E  A V A I L A B L E '
P R I N T * ,  » 1 ..................... T R A P E Z O I D A L  P U L S E '
P R I N T * ,  ! 2 ..................... H A L F  S I N U S I O D '
P R I N T * , ' 3 ..................... U S E R  S U P P L I E D '
P R I N T * , ' P L E A S E  S E L E C T  1 , 2 , 3 '
R E A D * , I N  
P R I N T * , ' ’
I F ( I N . E Q . 1 ) GOTO 2 0  
I F ( I N . E Q . 2 ) GOTO 8 0  
I F ( I N . E Q . 3 ) GOT O 1 2 0  
2 0  P R I N T * , ’ C U R R E N T  P U L S E  G E N E R A T O R '
P R I N T * , ' P L E A S E  S P E C I F Y  T H E  F O L L O W I N G  P A R A M E T E R S '  
P R I N T * , ' P E A K  C U R R E N T  A M P L I T U D E  ( A M P S ) ’
R E A D * , A M P S
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P R I N T * , ' L E A D I N G  E D G E  R I S E T I M E  ( 1 0 - 9 0  
R E A D * , R T I M E
P R I N T * , ' T R A I L I N G  E D G E  F A L L T I M E  ( 1 0 - 9 0  
R E A D * , F T I M E
P R I N T * , ' P U L S E W I D T H  5 0  P O I N T S '
R E A D * , P W I D T H
T 1 = R T I M E / 1 . 6 + P W I D T H - F T I M E / 1 . 6 + F T I M E / . 8  
C T 1 =  R E A L  T I M E  D U R A T I O N  O F  P U L S E  B A S E
T1 N = 8 0 0 / T S C A L E  
C T 1 N =  N O R M A L I S E D  ( T O  2 0 n s  T I M E B A S E )  D U R A T I O N
R T I M E N = R T I M E / . 8 * T 1 N  
F T I M E N = F T I M E / . 8 * T 1 N  
T 2  = ( R T I M E / 1 . 6 + P W I D T H - F T I M E / 1 , 6 ) * T 1 N  
3 0  DO 4 0  1 = 1 , R T I M E N
A C U R ( I ) = I / R T I M E N * A M P S  
4 0  C O N T I N U E
DO 5 0  I = R T I M E N , T 2  
A C U R ( I ) = A M P S  
5 0  C O N T I N U E
DO 6 0  I = T 2 , T 2 + F T I M E N
A C U R ( I ) = A M P S / F T I M E N * ( T 2 + F T I M E N - I )
6 0  C O N T I N U E
DO 7 0  I = T 2 + F T I M E N , 8 0 0  
A C U R ( I ) = 0  
7 0  C O N T I N U E
7 5  P R I N T * , ' D . C .  B I A S ’
R E A D * , B I A S I
I F ( B I A S I . G T . T H R E S I ) T H E N
P R I N T * , ' B I A S  C U R R E N T  I N  E X C E S S  OF T H R E S H O L D  C U R R E N T 1 
P R I N T * , ' P L E A S E  R E - E N T E R  B I A S  C U R R E N T '
G 0 T 0 7 5
E N D I F
R E T U R N
C * * *  H A L F  S I N U S I O D  G E N E R A T O R  * * *
8 0  P R I N T * , ’ H A L F  S I N U S I O D  W A V E F O R M  G E N E R A T O R '
P R I N T * , ' E N T E R  P E A K  C U R R E N T  ( A M P S ) '
R E A D * , A M P S
P R I N T * , ' B A S E  D U R A T I O N  ( n s ) '
R E A D * , T B
I M = T B * 8 0 0 / T S C A L E  
9 0  DO 1 0 0  1 = 1 , I M
A C U R ( I ) = A M P S * S I N ( 1 * 3 . 1 4 1 5 9 3 / I M )
. + 1 0 0  C O N T I N U E
DO 1 1 0  I = I M , 8 0 0  
A C U R ( I ) = 0  
1 1 0  C O N T I N U E
1 1 5  P R I N T * , ' D . C .  B I A S  L E V E L ’
R E A D * , B I A S I
I F ( B I A S I . G T . T H R E S I ) T H E N
P R I N T * , ' B I A S  C U R R E N T  I N  E X C E S S  OF T H R E S H O L D  C U R R E N T '  
P R I N T * , ' P L E A S E  R E - E N T E R  B I A S  C U R R E N T '
G 0 T 0 1 1 5
E N D I F
R E T U R N
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1 2 0  0 P E N ( 3 , F I L E = ’ U S E R ’ )
R E A D ( 3 , * )  ( A C U R ( I ) , 1 = 1 , 3 8 4 , 3 )
DO 1 3 0  1 = 1 , 3 8 1 , 3
A C U R ( 1 + 1 ) =  ( A C U R ( 1 + 3 ) - A C U R ( I ) ) / 3  + A C U R ( I )
A C U R ( 1 + 2 ) =  ( A C U R ( I + 3 ) - A C U R ( I ) ) * 2 / 3  + A C U R ( I )
1 3 0  C O N T I N U E
P R I N T * , ’ P E A K  C U R R E N T ’
R E A D * , A M P S  
DO 1 4 0  1 = 1 , 3 8 4
A C U R ( I ) = A C U R ( I ) * A M P S  
1 4 0  C O N T I N U E  
1 5 0  P R I N T * , ’  ’
R E T U R N
END
0  * * * * * * * * * *  D A T A  S T O R E  R O U T I N E  * * * * * * * * * * * * * *
C
S U B R O U T I N E  S T O R E ( A E C O N , A P C O N , X , E C O N , P C O N , T S C A L E , J ,  I )  
D I M E N S I O N  A P C O N ( 8 0 0 ) , A E C O N ( 8 0 0 ) , X ( 8 0 0 )
S A V E
J = J + 1
A E C O N ( J ) = E C O N  
A P C O N ( J ) = P C O N  
X ( J ) =  T S C A L E * J / 8 0 0  
EN D
C
C * * * * * * * * * * * *  LOW P A S S  F I L T E R  * * * * * * * * * * * * * *
C
S U B R O U T I N E  F I L T E R  ( A F I L T , T I M E I , I S A M P , Z , R T )
I N T E G E R  Z
D I M E N S I O N  A F I L T ( 8 0 0 )
C = E X P ( - T I M E I * Z * I S A M P / R T * 2 . 2 E 1 2 )
A = 0
DO 1 0  1 = 1 , 8 0 0
A = A * C + A F I L T ( I ) * ( 1 - C )
A F I L T ( I ) = A  
1 0  C O N T I N U E
END
C
c  * * * * * * *  F I N D  P E A K  V A L U E  * * * * * * * * * * * *
C
S U B R O U T I N E  P E A K ( A R R A Y , M A X )
RFAT MAX
D I M E N S I O N  A R R A Y ( 8 0 0 )
M A X  = 0
DO 1 0  1 = 1 0 , 8 0 0
I F  ( A R R A Y ( I ) . G T . M A X )  M A X = A R R A Y ( I )
1 0  C O N T I N U E
END
C
c  * * * * * * * * * * * *  f i n d  p u l s e w i d t h  * * * * * * * * * * * * * * *
C
S U B R O U T I N E  P U L S E ( A R R A Y , W I D T H , D E L A Y )
D I M E N S I O N  A R R A Y ( 8 0 0 )
R E A L  MAX
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CALL PEAK(ARRAY, MAX)
1=1
10 IF (ARRAY( I ) . LT.0 . 1 *MAX) DELAY=I
IF (ARRAY(I).LT.MAX/2 .AND. ARRAY(1 + 1 ) , GT.MAX/2)THEN 
P1 = I 
GOTO20 
ELSE 
1 = 1+1 
END IF 
G0T010 
20 1=1
30 IF (ARRAY(I).GT.MAX/2 .AND. ARRAY(1 + 1 ) .LT.MAX/2) THEN
P2 = I 
GOTO 40 
ELSE 
1 = 1+1 
END IF 
GOT030 
40 WIDTH=P2-P1
END
C
SUBROUTINE SPLOT(TSCALE)
DIMENSION AECONC 8 0 0 ) ,APCON(800),XAR(800)
C
CHARACTER * 4 0 , XTEXT,YTEXT,TTEXT,TTEXT1, TTEXT2 
DIMENSION IARR(10)
COMMON/STRING/XTEXT, YTEXT, TTEXT, TTEXT1, TTEXT2 
COMMON/ARR/AECON,APCON,XAR,YMAX 
CALL LABEL 
1=1
20 XMIN=0
XMAX=TSCALE 
YMIN=0 
XLX=XMAX/3 
YMAX=100 
XLY=~YMAX/10 
YLX=-XMAX/15 
YLY=YMAX/5 
TLX=XMAX/3 
TLY=YMAX 
TLY1=.75*YMAX 
TLY2=.7 *YMAX 
TLX1=.6*XMAX 
TLX2=. 6 *XMAX 
XLEN=150 
YLEN=100 
X0R=20
XCON=XMAX/XLEN 
YCON=YMAX/YLEN 
CALL T4010 
CALL PICCLE
CALL AXIPOS(1 , XOR, XOR, XLEN,1)
CALL AXIPOS(1 ,XOR,XOR,YLEN,2)
CALL AXISCA(1 , 9 , XMIN, XMAX,1)
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CALL AXISCA(1 , 9 , YMIN, YMAX,2)
CALL AXIDRA(1 0 , 1 , 1 )
CALL AXIDRA(1 0 , - 1 , 2 )
C PRINT X LABEL
C
CALL CHASIZ(3. , 3 . )
30 CALL PLABEL(XTEXT,XLX,XLY)
C PRINT Y LABEL
C
CALL CHAANGC 90 . )
CALL PLABEL( YTEXT, YLX, YLY)
C PRINT GRAPH TITLE
C
CALL CHAANGC0 . )
CALL PLABEL( TTEXT, TLX, TLY)
CALL GPLOTCAECON, XAR)
CALL GPLOTCAPCON, XAR)
CALL DEVEND 
END
C
C ************** TEXT INPUT ROUTINE **************
C
SUBROUTINE LABEL
CHARACTER#^ XTEXT, YTEXT, TTEXT, TTEXT1 , TTEXT2 
COMMON/STRING/XTEXT, YTEXT, TTEXT, TTEXT1, TTEXT2 
DIMENSION IARRXC3 3 ) , IARRYC3 3 ) , IARRTC33)
PRINT*, X-AXIS LABEL’
READ(*, ( A ) ’ )XTEXT
PRINT*, INPUT Y-AXIS LABEL’
READ(*, (A) ' ) YTEXT
PRINT*, INPUT GRAPH TITLE’
READ(*, ( A ) ’ ) TTEXT
END
C
C *************** print  LABELS **********************
C
SUBROUTINE PLABELCTEXT, X, Y)
CHARACTER * 4 0 , TEXT
CALL GRAMOVCX, Y)
DO 10 1 = 1 , INDEX(TEXT,* *)-1
CALL CHAASC(ICHAR(TEXT(I:I))-128)
10 CONTINUE
END
C
C
C ***************** GRAPH PLOT ********************
c
SUBROUTINE GPLOTCARRAY, XAR)
DIMENSION ARRAY(800),XAR(800)
CALL GRAMOVCO., 0 . )
DO 10 1=1,800
CALL GRALINCXAR(I),ARRAY(I))
10 CONTINUE
1 9 6
END
C
c ***************** norm, data **********************
SUBROUTINE NORM(ARRAY, YMAX, SVAL)
DIMENSION ARRAY(800)
DO 10 1=1,800
ARRAY( I ) =ARRAY( I ) *SVAL/YMAX 
10 CONTINUE 
END
C
C ************ B.C. BIAS ROUTINE ***************
C
SUBROUTINE DC(ACUR)
DIMENSION ACUR(800)
COMMON/CONST/ ECON, PCON,C1, C2, C3, C4, C5, C6, BIASI, THRESI 
DO 10 1=1,800
ACUR(I)=ACUR(I)+BIASI 
10 CONTINUE
TIMEI=1E - 10 
DO 20 1=1,1000
C7=EXP(-((C1«PCON+1/C3)»TIMEI))
EC0N=EC0N*C7+(C1*C4*PC0N+C2*BIASI)*(1-C7)/(C1*PC0N+
1 / C 3 )
C8 = EXP( (C1 * ( ECON-C4) - 1 / C 6 )*TIMEI)
PC0 N=PC0 N*C8 +(1-C8)*C5*ECON/(C3*(1/C6-C1*(ECON-C4))
)
20 CONTINUE
PRINT*,’ ECON', ECON,'PCON',PCON 
END
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APPENDIX 3 .3
Summary o f  M easured  L a s e r  T e m p o ra l  R esponses
I T T  5 . 5 A  t h r e s h o l d  l a s e r    1 9 8 , 1 9 9
R C A  1 3 . 5 A  t h r e s h o l d  l a s e r  . . . ______  2 0 0 , 2 0 1
L D L  1 3 A  t h r e s h o l d  l a s e r  .....................  2 0 2
L D L  2 2 A  t h r e s h o l d  l a s e r  .....................  2 0 3
[ N o t e :
B o t h  t h e  p u m p i n g  c u r r e n t  p u l s e  a n d  o p t i c a l  p u l s e  a r e  s h o w n  
i n  t h e  f o l l o w i n g  f i g u r e s ,  i n  a l l  c a s e s  t h e  c u r r e n t  p u l s e  i s  
t h e  p u l s e  w h i c h  o c c u r s  f i r s t . ]
Pu
lse
 
En
erg
y 
. 6 
nJ 
Pu
lse
 
En
erg
y 
6 
nJ
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F i g . A 3 .3 /1  M easured  T e m p o ra l  R esponse o f  IT T  L a s e r
■Aia/A e* 
~H3M0d IVOIidO
UJ
*Aia/w s ’
A ~d3M0d IVOIidO
oo
v - iN3Hana 3Aiaa v -  iNBddna 3Aida
*Aia/M i ‘ 
~d3M0d ivaiido
"AIQ/M 2’
M -H3M0d lYOIidQ
uis
V -  lNBddnQ 3AIdQ Y -  lN3ddn3 3AIdQ
TIM
E 
ne 
TIM
E 
ne
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F i g . A 3 . 3 / 1  C o n t .
cax
x07L9CUi
«•l—i3CU
UJ2E
lNHddnO 3AIdQ V - INBHdnO 3AIdQ
"AIQ/M S'
M -dHMOd nvaudo
'AIQ/M I 
-H3M0d IVQIidO
UJ3Et—»t-
U1
3E
V - lN3Mdna HAIHQ
*Aia/M i 
A -dHMOd lYQIidO 
n— r
l-ii-Lj-I-i m i l  11 11 11 j i 11 ii r 111 ii 1 11 ii
s i n s i n c i i o i a i n s  t  id  m  t\i (\i ^  h
'AIQ/M 9'
M -H3M0d IVDIidO 
I— I— I— I— I— 1— I— I— I— T
1111111 m I in 11 < n 111111111111111
S i n S l D Q l O Q l O S l f l S )
Pu
lse
 
En
erg
y 
.4 
nJ 
Pu
lse
 
En
erg
y 
. 8 
nJ
200
F i g . A 3 . 3 / 2  M easured  T e m p o ra l  Response o f  RCA L a s e r
“A 10/M r
m -aaMod ivoiido
LU
ae
'AIO/M I 
A -d3MQd lYOIidO
v - lNaamo baioo v - iNayyno aAiaa
•aia/M i *
M -M3M0d IVOUdO
"AIQ/M 2 •
m -yaMOd nyaiido
V - lN3dUri3 HAIdQ V - lN3Hdna 3AIHQ
TIM
E 
ne 
TIM
E 
ne
Pu
l®
® 
En
erg
y 
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nJ
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F i g . A 3 . 3 / 2  C o n t .
•AIO/A 2 
A -HHAOd lYOIldO
s p s i n s i n G a i n c a i n E a i n B(Dinin +  +  mrf)(MWwrH
v -  lNayano hainq
*Aia/A T 
A “d3A0d “IVOIidO
V -  INBddra 3AIdO
n® 
11M
b 
n®
Pu
lse
 
En
erg
y 
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nJ 
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rJ
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F i g . A 3 . 3 / 3  M easured  T e m p o ra l  Response o f  LD65 L a s e r
’AIQ/M 2‘I 
A ”H3M0d lYOIidO
’AIQ/A 2 
A -H3A0d IVOIidO
a m s i n g i n t a i n K i i n t a  in +  ' i f c n t i i w w M i - i
Y - IN3ddn3 3AIdO
1,1 U 111 III 1.111 1.1 U J.jJ 11.1 jJj,1,1,1 H i n s i n t a i n s i n sa) rt l\l (\i H H
Y - !N3ddn3 3AIHQ
•AIQ/A I 
A “d3M0d "lV3UdO
v - iN3dan3 aAiaa
’AIQ/A K 
A -d3A0d lV3IldO
i— i— r
y - lNHdano HAiaa
•u 
3W
II 
*u 
HW
U
Pu
lee
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nJ 
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lee
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F i g . A 3 . 3 / 4  M easured  T e m p o ra l  Response o f  LD67 L a s e r
*Aia/A T 
A -H3A0d IVOIidO
s i n s i n s i n i a i n o i n s )i n v t ^ t n t n t M N H t e i
Y -  INHHdnO 3AId0
“AIO/M S T 
A ~d3A0d IVOUdO 
1— I— I— I— I— !— I 1— I— T
1 ( I 11 I I I I I I II I I I I I I I I II II I I H I I ( I I I I H 11 I I . III I I I
H i n s m s i n a i n s i n H
iNBddna 3Aiya
•Aia/A s*
A -HBAQd IVOUdO
v - iNBddno HAiaa
*Aia/A s*
A -dBMOd TYOUdO
r
v - iNaddno 3Aida
TIM
E 
ns 
TIM
E 
ns
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T h e  e s t i m a t e d  l o c a l  t e r r a i n  s l o p e  w i l l  g e n e r a l l y  b e  i n  
e r r o r  o w i n g  t o
1 ) r a n g e  u n c e r t a i n t y
2 ) a n g l e  p o i n t i n g  u n c e r t a i n t y
T h e  s i t u a t i o n  i s  i l l u s t r a t e d  i n  F i g . A 4 . 1 / 1  f o r  t h e  f l a t  
t e r r a i n  c a s e .
R a n g e  U n c e r t a i n t y
L e t  d r  b e  t h e  u n c e r t a i n t y  i n  t h e  r a n g e  m e a s u r e m e n t .  
T h e  c o r r e s p o n d i n g  w o r s t  c a s e  s l o p e  e r r o r ,  d S r ,  c a u s e d  b y  
t h i s  r a n g e  u n c e r t a i n t y  i s
( R 2  +  d r )  S i n (  <j> +  A 0  ) -  ( R 1  -  d r )  S i n ( </> )
0 S r  = --------------------------  — -------------------------------------------------------  . . ( 1 )
( R 1 -  d r )  C o s (  </> ) ~  ( R 2  +  d r )  C o s (  4> + A  <j> )
F o r  t h e  f l a t  t e r r a i n  c a s e  w e  c a n  e l i m i n a t e  4> s i n c e
H
S i n  </> =       ( 2 )
R1
H
S in ( 4 > + A < t > )  =   . ( 3 )
R2
APPENDIX 4 .1
S lo p e  E r r o r  A n a l y s i s  f o r  T e r r a i n  Mapper
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C o s ( <t> ) = / 1  -  —    ( 4 )
R1
and ,
H
C o s (  4> + A  c/> ) = / i  — -  . . .  ( 5 )
R2d
t h e r e f o r e
( R 2  +  f l r )  H / R 2  -  ( R 1  -  d r )  H / R 1
a s r  =------ ------ — — - —  ------------- - --------------------------- — _ _ _  . . . ( 6 )
/  h2 r - — h2
( R 1  -  d r )  h    ( R 2  +  d r )  h  „
R1
r e a r r a n g i n g  t h e  n u m e r a t o r
d r  H ( R1 +  R 2  \  R 1 . R 2  /
d S r  =  -...................  5 -  . . . ( 7 )
/  h2 r ~ ^
( R 1  -  d r )  / 1  _ -  ( R 2  +  d r )  h  „
•1 R1 J R2d
T a b u l a t e d  v a l u e s  o f  s l o p e  e r r o r  a s  a f u n c t i o n  o f  r a n g e  
u n c e r t a i n t y ,  f o r  s c a n n e r  h e i g h t s  o f  1 a n d  2 m a r e  g i v e n  i n  
T a b l e s  A 4 . 1 . 1  a n d  2 .
A n g l e  P o i n t i n g  U n c e r t a i n t y
T h e  a c c u r a c y  t o  w h i c h  t h e  l a s e r  b e a m  c a n  b e  d i r e c t e d  
w i l l  l a r g e l y  g o v e r n  t h e  s l o p e  e r r o r  a t  l o n g e r  r a n g e s .  W i t h  
r e f e r e n c e  t o  F i g . A 4 . 1 / ( b )  w e  h a v e  : ~
H
R2  = — — — — — •—    . . . . . . .  (  8 )
S i n (  </> +  A </> -  d4> )
H
R1 =        ( 9 )
S i n (  (j) +  3 0  )
a n d  t h e  s l o p e  e x p r e s s i o n  f o r  t h e  w o r s t  c a s e  s l o p e  e r r o r  d u e  
t o  a n  p o i n t i n g  a n g l e  u n c e r t a i n t y ,  d S 0  , i s
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S i n (  <t> +  A ) S i n (  <j> )
S i n (  4> +  A 4> -  d 0 )  S i n (  </> +  d<f> )
d$(f> =      . .  ( 1 0 )
C o s (  <t> ) C o s (  </> +  A </>)_____
S i n ( (p + 3 0  J S i n ( fi~ +  A. (p — Q 5
T a b u l a t e d  v a l u e s  o f  t h e  s l o p e  u n c e r t a i n t y  f o r  a  1m s a m p l i n g  
i n t e r v a l  a n d  s c a n n e r  h e i g h t s  o f  1 m a n d  2 m a r e  g i v e n  i n  
T a b l e s  A 4 . 1 . 3  a n d  4 .
a )  E f f e c t  o f  r a n g e  e r r o r
A ct>
b )  E f f e c t  o f  a n g l e  e r r o r
F i g . A 4 . 1 / 1  E f f e c t s  o f  m e a s u r e m e n t  e r r o r  o n  s l o p e  
e s t i m a t i o n .
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SCANNER HEIGHT =1M 
RANGE (M) RANGE UNCERTAINTY -  cms
5 10 15 20 30
4 2 . 1 8 7 4 . 9 0 9 8 . 3 9 5 1 3 . 0 3 6 2 9 . 5 5 1
5 1 . 7 9 9 4 . 0 4 1 6 . 9 1 7 1 0 . 7 4 8 2 4 . 3 1 3
6 1 . 5 2 7 3 . 4 3 1 5 . 8 7 6 9 . 1 3 3 2 0 . 6 3 3
7 1 . 3 26 2 . 9 8 5 . 1 0 5 7 . 9 3 7 1 7 . 9 1 3
8 1 . 1 7 1 2 . 6 3 3 4 . 5 1 2 7 . 0 1 5 1 5 . 8 2 3
9 1 . 0 4 9 2 . 3 5 9 4 . 0 4 1 6 . 2 8 5 1 4 . 1 6 9
10 . 9 4 9 2 . 1 3 5 3 . 6 5 9 5 . 6 9 1 1 2 . 8 2 6
11 . 8 6 7 1 . 951 3 . 3 4 3 5 . 2 1 1 . 7 1 6
12 . 7 9 8 1 . 7 9 5 3 . 0 7 7 4 . 7 8 6 1 0 . 7 8 2
13 . 7 3 9 1 . 6 6 3 2 . 8 5 4 . 4 3 3 9 . 9 8 5
14 . 6 8 8 1 . 5 4 9 2 . 6 5 4 4 . 1 2 9 9 . 2 9 9
15 . 6 4 4 1 . 4 4 9 2 . 4 8 4 3 . 8 6 3 8 . 7
16 . 6 0 5 1 . 361 2 . 3 3 4 3 . 6 3 8 . 1 7 4
17 . 57 1 . 2 8 4 2 . 2 0 1 3 . 4 2 3 7 . 7 0 7
18 . 5 4 1 . 2 1 4 2 . 0 8 2 3 . 2 3 9 7 . 2 9 1
19 . 5 1 2 1 . 1 5 2 1 . 9 7 5 3 . 0 7 3 6 . 9 1 8
20 . 4 8 7 1 . 0 96 1 . 8 7 9 2 . 9 2 3 6 . 5 8 1  I
21 . 4 6 4 1 . 0 4 5 1 . 7 9 2 2 . 7 8 8 6 . 2 7 5
22 . 4 4 4 . 9 9 9 1 . 7 1 2 2 . 6 6 4 5 . 9 9 7
23 . 4 2 5 . 956 1 . 6 4 2 . 5 5 1 5 . 7 4 2
24 . 407 . 9 1 7 1 . 5 7 3 2 . 4 4 ? 5 . 5 0 7
25 . 391 .881 1 . 5 1 1 2 . 3 5 1 5 . 2 9 2
SCANNER HEIGHT =2M
RANGE (M) RANGE UNCERTAINTY -  cms
5 10 15 20 30
4 4 . 0 5 5 9 . 0 4 1 5 . 3 5 6 2 3 . 7 1 6 5 4 . 1 8 9
5 3 . 4 1 6 7 . 6 3 6 1 3 . 0 1  ! 2 0 . 1 4 3 4 5 . 9 6 7
6 2 . 9 4 1 6 . 5 8 6 11 . 2 3 9 1 7 . 4 2 6 3 9 . 6 7 9
7 2 . 5 7 7 5 . 7 7 7 9 . 8 7 1 5 . 3 1 7 3 4 . 8 0 7
8 2 . 2 9 5 . 1 4 8 . 7 8 8 1 3 . 6 4 4 3 0 . 9 5 4
9 2 . 0 6 4 . 6 2 5 7 . 9 1 3 1 2 . 2 9 2 7 . 8 4 5
10 1 . 871 4 . 2 0 3 7 . 1 9 2 1 1 . 1 7 5 2 5 . 2 9 1
11 1 . 7 1 3 3 . 8 4 9 6 . 5 9 1 0 . 2 4 1 2 3 . 1 5 7
12 1 . 5 8 3 . 5 5 6 . 0 7 9 9 . 4 4 8 2 1 . 3 5 1
13 ! 1 . 4 6 5 3 . 2 9 4 5 . 6 4 1 8 . 7 6 8 1 9 . 8 0 3
14 1 . 3 6 6 3 . 0 7 1 5 . 2 6 1 8 . 1 7 8 1 8 . 4 6 2
15 1 . 2 7 9 2 . 8 7 7 4 . 9 2 8 7 . 6 6 2 1 7 . 2 9
16 1 . 2 0 3 2 . 7 0 5 4 . 6 3 5 7 . 2 0 6 1 6 . 2 5 6
17 1 . 1 3 5 2 . 5 5 3 4 . 3 7 4 6 . 8 0 1 1 5 . 3 3 9
18 1 . 0 7 4 2 . 4 1 7 4 . 1 4 1 6 . 4 3 9 1 4 . 5 1 9
19 1 . 0 2 2 . 2 9 4 3 . 9 3 1 6 . 1 1 3 1 3 . 7 8 1
20 . 971 2 . 1 8 3 3 . 7 4 2 5 . 8 1 9 1 3 . 1 1 5
21 . 9 26 2 . 0 8 3 3 . 5 6 9 5 . 5 5 1 1 2 . 5 1
22 . 885 1 . 991 3 . 4 1 2 5 . 3 0 7 11 . 9 5 8
23 . 8 4 8 1 . 9 0 7 3 . 2 6 8 5 . 0 8 3 11 . 4 5 2
24 . 8 1 3 1 . 8 3 3 . 1 3 6 4 . 8 7 7 1 0 . 9 8 8
25 .781 1 . 7 5 8 3 . 0 1 4 4 . 6 8 7 1 0 . 5 5 9
T a b l e  A 4 . 1 / 1 , 2  S l o p e  u n c e r t a i n t y  ( e x p r e s s e d  i n  d e g r e e s  f r o m  
t h e  h o r i z o n t a l )  a s  a  f u n c t i o n  o f  r a n g e  u n c e r t a i n t y .
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S C A N N E R  H E I G H T  = 
R A N G E
1 M
E L E V A T I O N A N G L E  ER R O R  -  A R C M I N S .
1 2 5 10 20
5 . 2 9 . 5 9 1 . 5 7 1 . 4 9 8 . 8 7
6 . 3 4 . 7 1 1 . 9 3 4 . 5 1 3 . 4 1
7 . 4 . 8 4
r
1 . 3 4 c> . 8 3 2 3 . 0 2
8 . 4 6 . 9 7
r! .  8 1 1 . 6 7 6 2 . 8 5
9 . 5 2 1 . 1 1 : . 3 7 1 0 . 4 8
10 . 5 8 1 . 2 6 2.1 . 0 4 1 5 . 4 1
1 1 . 6 5 1 . 4 2 11 . 8 9 2 6 . 6 9
12 . 7 1 1 . 5 9 e 9 0 . 2 5
1 3 . 7 9 1 . 7 9 1r . 5 2
1 4 .8 6 2 9 . 7 9
1 5 . 9 4 2 . 2 5 1 3 . 5 4
1 6 1 . 0 2 2 . 5 2 2 1  . 0 6
1 7 1 . 1 1 2 . 8 4 4 4 . 9 5
1 8 1 . 2 3 . 2 1 1 4 0 . 4 9
1 9 1 . 3 1 3 . 6 6
20 1 . 4 2 4 . 2
2 1 1 . 5 3 4 . 8 7
2 2 1 . 6 6 5 . 7 3
2 3 1 . 8 1 6 . 8 9
2 4 1 . 9 7 8 . 5 2
2 5 2 . 1 4 1 1 . 0 1
S C A N N E R  H E I G H T  = 
R A N G E
2M
E L E V A T I O N  A N G L E  E RR OR -  A R C  M I N S .
1 2 5 10 20
5 . 2 9 . 5 8 1 . 5 3 . 1 5 6 . 9 9
6 . 3 4 . 6 9 1 . 8 1 3 . 8 7 9 . 0 3
7 . 3 9 .8 1 2 . 1 3 4 . 6 9 1 1 . 7 1
8 . 4 5 . 9 2 2 . 4 8 5 . 6 3 1 5 . 4 6
9 . 5 1 1 . 0 4 2 .8 6 6 . 7 5 2 1  . 2 6
10 . 5 6 1 . 1 7 3 . 2 7 8 . 1 3 1 . 7 6
1 1 .6 2 1 . 3 3 . 7 2 9 .8 1 5 8 . 5 3
12 .6 8 1 . 4 3 4 . 2 3 1 2 . 0 5
1 3 . 7 4 1 . 5 8 4 . 8 1 1 5 . 1 6
1 4 .8 1 . 7 2 5 . 4 7 1 9 . 8 2
1 5 . 8 7 1 . 8 8 6 . 2 4 2 7 . 7 1
16 . 9 3 2 . 0 5 7 . 1 6 4 4 . 5 6
1 7 1 2 . 2 2 8 . 2 7 1 1 9 . 8 1
18 1 . 0 7 2 . 4 1 9 . 6 7
1 9 1 . 1 4 2 . 6 2 1 1 . 4 7
20 1 . 2 2 2 . 8 4 1 3 . 9
21 1 . 3 3 . 0 8 1 7 . 3 6
2 2 1 . 3 8 3 . 3 4 2 2 . 7 7
2 3 1 . 4 6 3 . 6 2 3 2 . 5 2
2 4 1 . 5 5 3 . 9 4 5 6 . 3 8
2 5 1 . 6 4 4 . 2 9 4 1 7
T a b l e s 4 . 1 / 3 , 4  S l o p e  u n c e r t a i n t y  ( e x p r e s s e d  i n  d e g r e e s  f r o m  
t h e  h o r i z o n t a l )  a s  a  f u n c t i o n  o f  p o i n t i n g  a n g l e  u n c e r t a i n t y .
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I n t r o d u c t i o n .
A number o f  r e f l e c t i v i t y  v e r s u s  a s p e c t  a n g l e  
m easurem ents  have been u n d erta k en  so  t h a t  an a p p r e c i a t i o n  
c o u ld  be g a in e d  o f  th e  v a r i a t i o n s  in  th e  r e c e i v e d  s i g n a l  
s t r e n g t h ,  which would be ca u sed  by changes  in  t a r g e t  a s p e c t  
a n g l e .  The m easurem ents  were  performed u s i n g  a cw l a s e r  
d io d e  o p e r a t i n g  a t  a s l i g h t l y  s h o r t e r  w a v e le n g th  (850nm)  
than  th e  p u l s e d  GaAs l a s e r  w a v e le n g th  o f  904nm. The use  o f  
a cw s o u r c e  a l l o w s  t h e  a m p l i tu d e  o f  th e  r e f l e c t e d  s i g n a l  to  
be more a c c u r a t e l y  d e te r m in e d  than w i th  t h e  p u l se d  GaAs 
l a s e r .
The Measurement S y s t e m.
A b l o c k  diagram o f  t h e  t a r g e t  r e f l e c t i v i t y  sys tem  i s  
g i v e n  i n  F i g . A 4 . 2 / 1 .  The o p e r a t i o n  o f  t h e  sys tem  i s  
c o n t r o l l e d  by a PET m icro co m p u ter .  The t r a n s m i t t e r  so u r c e  
used  i s  a cw s e m ic o n d u c to r  l a s e r  d io d e  (L a ser  Diode  Labs,  
t y p e  LCW10 ) o f  r a t e d  o u t p u t  power 7mW. To p r o v id e  
d i s c r i m i n a t i o n  a g a i n s t  ambient  l i g h t  l e v e l  v a r i a t i o n s  th e  
l a s e r  i s  modulated  a t  a nominal f req uen cy  o f  2kHz. A l e n s  
i s  r e q u i r e d  t o  a c h i e v e  a c o l l i m a t e d  beam, and in  t h i s  c a s e  a 
m ic r o s c o p e  o b j e c t i v e  o f  f o c a l  l e n g t h  16mm and n u m erica l  
a p e r t u r e  ( N .A . )  0 .2 5  i s  u s e d .  The beam s i z e  a t  the  t a r g e t
( l a s e r  c o l l i m a t e d )  i s  a p p r o x im a t e ly  I sq .c m ,  an a d ju s tm e n t  i s
APPENDIX 4 .2
T a r g e t  R e f l e c t i v i t y  Measurements
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F i g . A 4 . 2 /1  T a r g e t  r e f l e c t i v i t y  measurement system
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a l s o  p r o v id e d  t o  e n a b l e  a fo c u s e d  beam t o  be g e n e r a t e d .
A p o r t i o n  o f  th e  b a c k s c a t t e r e d  power i s  c o l l e c t e d  by a 
25mm d ia m e t e r  40mm f o c a l  l e n g t h  l e n s ,  s i t u a t e d  d i r e c t l y  
below th e  t r a n s m i t t e r  o u t p u t  a p e r t u r e .  The s e p a r a t i o n  o f  
t h e  r e c e i v e r  and t r a n s m i t t e r  a p e r t u r e s  r e s u l t s  i n  o n l y  a 0 . 2  
d e g r e e  m is a l ig n m e n t  between th e  r e c e i v e r  and t r a n s m i t t e r  
o p t i c a l  a x e s .  The f i e l d - o f - v i e w  o f  th e  r e c e i v i n g  o p t i c s  i s  
1 .5  d e g r e e s  which c o r r e s p o n d s  t o  an area  c o v e r a g e  o f  0 .1m  a t  
th e  t a r g e t .  T h is  e n a b l e s  th e  i l l u m i n a t e d  a rea  t o  be moved 
abou t  on t a r g e t  sam ples  w i th  m a c r o sc o p ic  s u r f a c e  s t r u c t u r e  
w i t h o u t  h a v in g  t o  r e a l i g n  th e  r e c e i v i n g  o p t i c s .  The 
p h o t o d e t e c t o r  i s  a s i l i c o n  d e v i c e  (RCA 3 0 8 0 9 )  h a v in g  an 
a c t i v e  d ia m e t e r  o f  8mm. A s t o p  o f  1mm g i v e s  t h e  r e q u i r e d  
f i e l d - o f -  v ie w .  A h igh  ga in  low n o i s e  a m p l i f i e r  f o l l o w s  th e  
d e t e c t o r .  A h igh  p a s s  f i l t e r  (1kHz) p r o v i d e s  p r e f i l t e r i n g  
t o  reduce  the  l a r g e  c o n t r i b u t i o n  from th e  mains  l i g h t i n g .  A 
phase  s e n s i t i v e  d e t e c t o r  a c t i n g  as  a ’ l o c k  i n ’ a m p l i f i e r  
p r o v i d e s  a d . c .  v o l t a g e  o u t p u t  p r o p o r t i o n a l  t o  t h e  i n c i d e n t  
o p t i c a l  power l e v e l .  Adjustm ent  o f  the  P . S .D .  i n t e g r a t i o n  
t im e  e n a b l e s  t h e  bandwidth o f  th e  sy s te m  t o  be s e t ,  
ban dw idths  o f  t y p i c a l l y  5 -1 0  Hz are  u s e d .  The D.C. o u t p u t  
v o l t a g e  i s  d i g i t i z e d  and s t o r e d .
Azimuth r o t a t i o n  o f  th e  t a r g e t  sam ple  i s  
a c h i e v e d  by means o f  a s t e p p e r  motor which g i v e s  a b a s i c  
1 . 8 d e g r e e s  s t e p  i n t e r v a l .
For t a r g e t s  w i th  a h igh  s p e c u l a r  component th e  dynamic  
range  o f  th e  a n a l o g u e - t o - d i g i t a l  c o n v e r t e r  may be 
i n s u f f i c i e n t  and so  a f a c i l i t y  has been i n c o r p o r a t e d  f o r
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o p t i c a l  a t t e n u a t o r s  t o  be i n s e r t e d  in  f r o n t  o f  th e  r e c e i v e r  
a p e r t u r e  in  such c a s e s .
In o p e r a t i o n ,  a r e f e r e n c e  s u r f a c e  ( w h i t e  spray  
p a i n t e d  aluminium ) i s  p la c e d  in  the  t a r g e t  h o l d e r ,  normal 
t o  t h e  i n c i d e n t  beam, and a r e c e i v e d  l e v e l  i s  r e c o r d e d  f o r  
c a l i b r a t i o n  p u r p o s e s .  The r e f e r e n c e  t a r g e t  i s  th en  r e p l a c e d  
by th e  m a t e r i a l  under t e s t .  The t a r g e t  i s  r o t a t e d ,  in  s t e p s  
o f  1 . 8 d e g r e e s ,  up t o  an a n g l e  o f  4 5 d e g r e e s  t o  th e  t a r g e t  
normal,  th e  r e c e i v e d  s i g n a l  s t r e n g t h  b e in g  r e c o r d e d  a t  each  
s t e p .  The sample  i s  then r o t a t e d  back t o  th e  normal  
p o s i t i o n ,  a g a in  w i th  r e a d i n g s  b e in g  taken  a t  each  s t e p .  A 
check  i s  made between  th e  two r e a d i n g s  r e c o r d e d  a t  each s t e p  
p o s i t i o n  and i f  w i t h i n  5% th e  av era g e  o f  th e  two r e a d i n g s  i s  
fo rm ed .
R e s u l t s
A s e l e c t i o n  o f  measured r e f l e c t i v i t y  c u r v e s  f o r  
v a r i o u s  m a t e r i a l s  i s  shown in  F i g . A 4 . 2 / 2 .  The dashed l i n e  
shown on each p l o t  i s  th e  s i g n a l  l e v e l  which would be 
r e c e i v e d  from a Lambertian s c a t t e r .
M a t e r i a l s  w i t h  a pronounced g r o s s  s u r f a c e  s t r u c t u r e ,  
such as  c o n c r e t e ,  house  b r i c k ,  t r e e  bark e t c . ,  t en d  to  g i v e  
a l a r g e r  s i g n a l  r e t u r n ,  caused  by f a v o u r a b l y  o r i e n t a t e d  
s u r f a c e  f a c e t s ,  a t  h igh  a n g l e s  o f  i n c i d e n c e  than would be 
e x p e c t e d  from L am bert 's  c o s i n e  law .
The r e f l e c t i v i t y  o f  most o f  th e  m a t e r i a l s  d e c r e a s e d  
when t e s t e d  w e t ,  a l th o u g h  th e  shape o f  t h e  r e f l e c t i v i t y  
curve  remained e s s e n t i a l l y  unchanged.
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TARGET SAMPLE I ROUSHBJH) ALUMINIUM X iB "' TARGET SATFLEl CARTRIDGE PAPSt
TARGET SAMPLE* REFERBJCE TARGET
TARGET SATPLEs HAROBOARD
XIB” 1 TARGET SAMPLE* DIE-CAST ALUMINIUM
F i g . A 4 . 2 / 2  C o nt. T a r g e t  r e f l e c t i v i t i e s  ( X = 0 .8 5  jLim)
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TARGET SAMPLE: CONCRETE SLAB TARGET SAMPLE: TREE BARK
X I0 -* X IB -'
TARGET SAMPLE: LOOSE GRASS BUNDLE TARGET SAMPLE: RED HOUSE BRICK
X IB '1 XIO-1
TARGET SAMPLE: RUSTY IRON TARGET SAMPLE: EARTH CLOD
X IB '1 X I0“ l
F i g . A 4 . 2 / 2  T a r g e t  r e f l e c t i v i t i e s  ( \ =  0.85 /xm)
G lo s s  p a i n t e d  s u r f a c e s ,  even i f  o f  a dark c o l o u r ,  gave  
a v ery  s t r o n g  r e t u r n  a t  near normal i n c i d e n c e ,  w ith  the  
s i g n a l  l e v e l  d rop p in g  v ery  r a p i d l y  f o r  a s p e c t  a n g l e s  g r e a t e r  
than a few d e g r e e s  from normal.
F or a t y p i c a l  r u r a l  t e r r a i n  m apping e n v ir o n m e n t i t  can  
be c o n c lu d e d  t h a t  r e f l e c t i v i t i e s  w i l l  g e n e r a l l y  be in  th e  
r e g io n  0 . 1 5  (w e t  s o i l )  ~ 0 .8  (d r y  g r e e n  f o i l a g e ) .
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M an u factu rers  p u b l i s h e d  data  on p u l s e d  sem icon d u ctor  
l a s e r  perform ance  i s  n orm al ly  quoted fo r  a d r i v e  c u r r e n t
d u r a t i o n  o f  200ns  ( t h e  maximum p e r m i s s i b l e  c u r r e n t  p u l s e
d u r a t i o n ) . T h is  i s  c o n s i d e r e d  t o  be e s s e n t i a l l y  th e  s t e a d y  
s t a t e  o p e r a t i n g  c o n d i t i o n .  When o p e r a t i n g  w ith  th e  
p u l s e w i d t h s  o f  i n t e r e s t  h e r e ,  i e  l e s s  than 10n s ,  t h i s  data  
has t o  be i n t e r p r e t e d  w i t h  c a r e .
With p u l s e w i d t h s  l e s s  than 200ns  th e  mean power 
d i s s i p a t i o n  i s  r ed u c ed ,  and i t  i s  then  p o s s i b l e  to  o p e r a t e
t h e  l a s e r  w i t h  a peak c u r r e n t  in  e x c e s s  o f  the  quoted
maximum d r i v e  c u r r e n t .  The maximum peak c u r r e n t  can be 
i n c r e a s e d  by a f a c t o r  o f  : ~
APPENDIX 4 .3
S e le c t in g  a Las er  D iode
where t  = p u l s e w i d t h  in  nanosecondsr
s i n c e  th e  c r i t i c a l  damage l e v e l ,  Pc ( measured i n  w a t t s  per  
cm o f  e m i t t i n g  f a c e t [ K r e s s e l ] )  v a r i e s  as  th e  square  r o o t  o f  
th e  p u l s e w i d t h .  S i n c e  th e  e f f e c t i v e  maximum peak c u r r e n t  
r a t i n g  o f  th e  d e v i c e  has  now i n c r e a s e d ,  d e v i c e s  w i th  a
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maximum c u r r e n t  r a t i n g  (§  2 0 0 n s )  l e s s  than t h e  in t e n d e d  peak  
d r i v e  c u r r e n t  can now be c o n s i d e r e d .  This  has  two im p o r t a n t  
i m p l i c a t i o n s .  F i r s t l y ,  a d e v i c e  with  a lo w er  t h r e s h o l d  
c u r r e n t  may be used r e s u l t i n g  in  l e s s  c u r r e n t  b e in g  'wasted*  
in  d r i v i n g  th e  l a s e r  t o  t h r e s h o l d .  Hence f o r  a g i v e n  d r i v e  
c u r r e n t  a g r e a t e r  o u t p u t  power may be a c h i e v e d .  S e c o n d l y ,  
s i n c e  a low er  t h r e s h o l d  l a s e r  has a s h o r t e r  e m i t t i n g  f a c e t  a 
b r i g h t e r  s o u r c e  i s  o b t a i n e d .  As th e  area i l l u m i n a t e d  by th e  
l a s e r  a t  th e  t a r g e t  i s  p r o p o r t i o n a l  to  the  d im e n s io n s  o f  th e  
e m i t t i n g  f a c e t  improved s p a t i a l  r e s o l u t i o n  may a l s o  be 
a c h i e v e d .
C o n s id er  an exam p le .  F i g . [ A 4 . 3 / 1 ]  shows th e  o p t i c a l  
power o u t p u t  v e r s u s  d r i v e  c u r r e n t  c h a r a c t e r i s t i c  o f  a 
t y p i c a l  f a m i ly  o f  l a s e r  d i o d e s  (d a ta  taken from Laser  D io d e s  
L a b o r a t o r i e s  LD s e r i e s  ) .  A l a s e r  i s  r eq u ir e d  to  o p e r a t e  a t  
a peak c u r r e n t  o f  30A and 10ns d u r a t i o n .  From F i g . [ A 4 . 3 / 1 ]  
t h e  LD62 d e v i c e  g i v e s  t h e  h i g h e s t  output  power a t  30A d r i v e  
c u r r e n t .  The peak d r i v e  c u r r e n t  f o r  t h i s  d e v i c e  i s  20A 
(@200ns p u l s e  d u r a t i o n )  and 88A a t  10ns p u l s e  d u r a t i o n ,  so  
i t  i s  w e l l  w i t h i n  i t s  power r a t i n g  a t  t h i s  p u l s e  d u r a t i o n .  
I f  t h e  d e v i c e  w i th  a maximum peak cuurent  g r e a t e r  than 30A 
(@200ns d u r a t i o n )  had been c h o sen  ( th e  LD65 d e v i c e )  th en  a 
s o u r c e  o n ly  50% as b r i g h t  would have been o b t a i n e d .
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V
1
F i g . A 4 . 3 /1  T r a n s f e r  c h a r a c t e r i s t i c  f o r  a t y p i c a l  f a m i l y  o f  
p u l s e d  l a s e r  d i o d e s .
APPENDIX 4 .4
When o p e r a t i n g  a t  c l o s e  range two e f f e c t s ,  namely  
r e c e i v e r  d e f o c u s i n g  and r e c e i v e r  o b s c u r a t i o n  must be g i v e n  
c a r e f u l  c o n s i d e r a t i o n .
C o n s id er  th e  g e n e r a l i s e d  r e c e i v i n g  arrangem ent  shown 
i n  F i g . A 4 . 4 / 1 .
E f f e c t  o f  R e c e iv e r  D e fo c u s in g  and O b s c u ra t io n
RECEIVING BLOCKAGE FOCAL
F i g . A 4 . 4 /1  G e n e r a l i s e d  o p t i c a l  r e c e i v e r
I t  w i l l  be assumed t h a t  th e  o p t i c s  are  l o s s l e s s .  A c e n t r a l  
o b s c u r a t i o n  i s  i n c l u d e d  t o  r e p r e s e n t  t h e  b l o c k a g e  c a u s e d ,  
f o r  example ,  by a p h o t o d e t e c t o r  h o u s in g  or t r a n s m i t t e r  
o u t p u t  a p e r t u r e .  As w i l l  be shown t h i s  has  a pronounced
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F i r s t l y  c o n s i d e r  th e  s i t u a t i o n  w i t h o u t  th e  c e n t r a l  
b l o c k a g e .  At t h i s  p o i n t  a d i s t i n c t i o n  must be drawn between  
th e  term s r e c e i v e d  and d e t e c t e d  power. The r e c e i v e d  power 
( P r ) i s  d e f i n e d  h e r e  as  th e  power i n t e r c e p t e d  by th e  
r e c e i v i n g  e l e m e n t ,  and t h e  d e t e c t e d  power (Pd ) a s  t h a t  
a c t u a l l y  im p in g in g  on t h e  d e t e c t o r .  For t a r g e t  r a n g e s  
g r e a t e r  than f . D / p  t h e  d e t e c t e d  and r e c e i v e d  powers are  
e q u a l  ( r e c e i v e r  f o c u s e d ) .  For r a n g e s  l e s s  than f . D / p  i t  can  
be shown t h a t
e f f e c t  on system p erfo rm ance  a t  c lo s e  ran g e s .
'  • ( f r )  ...................
R < f . D / p
and d e f i n i n g  a t r a n s i t i o n  ra n g e ,  Rfc, a s  th e  range a t  which  
t h e  d e t e c t o r  c o l l e c t s  a l l  th e  r e c e i v e d  s i g n a l ,  t h a t  i s
f  D
Rt  =     (2 )
S i n c e  th e  power i n t e r c e p t e d  by th e  c o l l e c t i n g  a p e r t u r e  w i l l  
have a R d e p e n d en cy ,  t h e  d e t e c t e d  power, Pd , can be 
e x p r e s s e d  as
P »
Pd = r r  ......................
Rt
f o r  R <R^
K1
O
where Pr » = p^ . and i s  range ind ep en d en t
Ik
up t o  Rt
Hence f o r  r a n g e s  up t o  R^ . th e  d e t e c t e d  s i g n a l  power i s  
f c o n s t a n t .  R  ^ can a l s o  be r e l a t e d  to  th e  f i e l d - o f  -  view and
a p e r t u r e  d ia m e t e r  o f  th e  r e c e i v i n g  o p t i c s
*•
D
Rfc = — ........ .    ( 4 )
FOV
A p l o t  o f  n o r m a l i s e d  r e c e i v e r  s e n s i t i v i t y  v range
i s  shown i n  F i g . A 4 . 4 / 2 .  The t r a n s i t i o n  ra n g e ,  R , ,  as
*• ^
a f u n c t i o n  o f  r e c e i v e r  f i e l d  o f  v iew ,  fo r  1 5 0 mm, 1 0 0 mm, and 
50mm d ia m e t e r  a p e r t u r e s ,  i s  shown in  F i g . A 4 . 4 / 3
* Any b l o c k a g e  o f  t h e  r e c e i v e r  a p e r tu r e  w i l l  c a s t  a 
shadow in  th e  f o c a l  p la n e  o f  t h e  l e n s .  When th e  r e c e i v e r  i s
* f o c u s e d  th e  e f f e c t  o f  any b lo c k a g e  i s  s im ply  to  reduce  th e  
d e t e c t e d  s i g n a l  by th e  r a t i o  o f  th e  b lo ck a g e  area  t o  th e  
e f f e c t i v e  a p e r t u r e  area  a t  th e  b lo c k a g e  p la n e .  However, f o r  
r a n g e s  l e s s  than th e  t r a n s i t i o n  range c o n s i d e r a b l e  r e d u c t i o n  
i n  t h e  d e t e c t e d  power can o c c u r .  The d iam eter  o f  the  shadow 
i s  g i v e n  by
Jr
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X . f
a =      ( 5 )
R
where X = t h e  d ia m e t e r  o f  th e  o b s c u r a t i o n
For d e t e c t o r  d i a m e t e r s  l e s s  than the  o b s c u r a t i o n  
shadow d ia m e t e r  th e  d e t e c t o r  i s  c o m p le t e ly  obsured and no 
r e c e i v e d  power w i l l  be d e t e c t e d .  The minimum range a t  which
LO
G 
10
F I G .A 4 .4 / 2  E f f e c t  o f  d e f o c u s i n g  on r e c e i v e r  s e n s i t i v i t y
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s ig n a l  power can be d e te c te d  i s  g iven  by
X . f
P
Rmin = ~     ( 6 )
At r a n g e s  g r e a t e r  than Rmin and l e s s  than Rfc t h e  r e c e i v e d  
power i s  g i v e n  by
[ © ■ -  (■ ))• ] 
[© ' ■ (r.)'l
(7)
(8 )
f o r  Rm. n < R < Rt
I f  th e  b lo c k a g e  i s  n o t  i n  th e  p la n e  o f  th e  l e n s  th en  th e  
d e t e c t e d  power i s  f u r t h e r  d im in i s h e d  and becomes
-  ■  -
f o r  Rm. < R < R, mm t
where c i s  th e  d i s p l a c e m e n t  away from th e  
l e n s  p la n e  tow ards  th e  f o c a l  p la n e
A p l o t  o f  th e  n o r m a l i s e d  r e c e i v e r  s e n s i t i v i t y  v e r s u s  t a r g e t  
range f o r  a b lo c k a g e  s i z e  o f  25mm s i t u a t e d  in  the  p la n e  o f  
th e  l e n s  i s  shown in  F i g . A 4 . 4 / 4 .
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F I G .A 4 .4 / 4  Combined e f f e c t  o f  d e f o c u s i n g  and b l o c k a g e  on 
r e c e i v e r  s e n s i t i v i t y
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APPENDIX 4 .5t
TERRAIN MAPPER CIRCUIT DIAGRAMS
4*
4
Computer I n t e r f a c e        227
Timing Module    228
A-
Frame Formater      229
Power Supply      230
* S t e p p e r  Motor D r i v e r s      231
*
227
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EE
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HALF STEP STEPPER MOTOR DRIVER 
CONE MOTOR)
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APPENDIX 4 .6
TERRAIN MAPPER COMMANDS
ASCII C h a r a c te r T e r r a i n  Mapper F u n c t io n
@ D e l i m i t e r
A Aux. p o r t  s e l e c t
B S t a r t  r a s t e r  scan
C -
D Azimuth motor ON/OFF
E E l e v a t i o n  motor ON/OFF
F Azimuth motor CW/CWW
G E l e v a t i o n  motor CW/CWW
H Azimuth motor CLOCK
I E l e v a t i o n  motor CLOCK
J S e r i a l  data  CLOCK
K S e r i a l  data  c o u n t e r  CLEAR
L Load frame parameter  N1
M Load frame parameter  N2
N Load frame parameter  N4
0 Load frame parameter  N5
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APPENDIX 5 .1
Data Format f o r  FHS T r a n s f e r s
When o p e r a t i n g  in  th e  ’ b u r s t  p u l s e ’ mode, where
s e v e r a l  l a s e r  p u l s e s  a re  t r a n s m i t t e d  per beam p o i n t i n g  
d i r e c t i o n  a t  a r a t e  o f  10kHz, t h e  HP85 computer must be 
c o n f i g u r e d  as  an in p u t  b u f f e r .  T h is  e n a b l e s  t h e  computer  t o  
read in  d a ta  a t  a r a t e  o f  up t o  20kHz. As two b y t e s  a re
s e n t  from the  t e r r a i n  mapper p er  range measurement  d a ta  can
a r r i v e  a t  th e  HP85 a t  r a t e s  o f  up t o  20kHz.
At th e  end o f  th e  sca n  a c h a r a c t e r  s t r i n g  v a r i a b l e  o f  
l e n g t h  ( no .  o f  range r e a d i n g s ) * 2  has  been c r e a t e d .  An 8 
b y t e  h e a d e r  i s  added to  th e  d a t a  s t r i n g  and t h e  c o m p o s i t e  
s t r i n g  can now be s t o r e d  on t h e  HP85’ s i n t e g r a l  c a s s e t t e  
t a p e  s t o r a g e  s y s t e m .  S t o r i n g  t h e  d a ta  a s  c h a r a c t e r
v a r i a b l e s  e n a b l e s  a 8 f o l d  r e d u c t i o n  in  ta p e  s t o r a g e  s p a c e  
compared t o  s t o r i n g  the  d a t a  a s  i n t e g e r  v a r i a b l e s .
1
2 FRAME
3 ID
4
5 NO. OF LINES
6 NO. OF SHOTS/PIXEL
7 NO. OF PIXELS/LINE
8 NO. OF STEPS/PIXEL
9 RANGE WORD
10 No. 1
11 RANGE WORD
12 No. 2
13
14 e t c
FHS Data S t o r a g e  Format
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APPENDIX 5 .2
T e r r a i n  Mapper C o n tro l  Program
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1 9  C LE fiF :
2 0  D I M  M 2 < 2 0 6 )
3 0  ! D I M  Z f C S l Q e H  
4 0  0 1  S P  " S C A N  R E C A L L  O R  T E S T  S / '  
R ' * T "50 IHPUT U$
6 0  I F  l l f - = " T “ T H E M  8 4 6  
7 0  C L E A R
8 0  D I S P  " C L O C K  R A T E "
9 6  I H P U T  A 
1 0 0  D I S P  " N o .  O F  S T E P S  B E T W E E N  P  
I  M E L S "
1 I S  I N P U T  B
1 2 0  D I S P  " N o .  O F  L A S E R  S H O T S  P E R  
P I X E L "
1 3 0  I N P U T  E
1 4 0  I F  E > 1 5  T H E N  D I S P  “ M A M .  N o .
O F  S H O T S  1 5  -  R E - E N T E P "
1 5 0  I F  E > 1 5  T H E N  1 2 6
1 6 0  D I S P  " N o .  O F  P I X E L S  P E R  L I N E
It
1 7 6  I N P U T  C
1 8 0  D I S P  " N o .  O F  L I N E S  P E R  F R A M E
I S O  I N P U T  D 
2 0 0  C L E A R
2 1 0  I F  E * C * 0 . > 2 5 0 8  T H E N  2 3 0  
2 2 0  G O T O  2 6 0
2 3 0  D I S P  " D A T A  A R R A Y  E X C E E D E D ! "  
2 4 0  D I S P  " R E R U N  H I T H  NE W V A L U E S  
O R  R E D  I M . "
2 5 0  S T O P  
2 6 0  !
2 7 0  ! * *  TM F R A M E  P A R A M E T E R S  * * *  2SG !290 DISP “FORMATING"300 OUTPUT 768 i “K"318 FOR 1 =1 TO R328 OUTPUT 70S . iiJR“
330 NEXT I348 OUTPUT 708 j "LK"
350 FOR 1 =1 TO B368 OUTPUT 788 . iiJft"
378 NEXT I388 OUTPUT 708 ; "NX "390 FOR 1 =1 TO C40R OUTPUT 708 i "JR“410 NEXT I
428 OUTPUT 708 ; "NK"430 FOR 1 =1 TO D
448 OUTPUT 708 .: “ Jft"
450 NEXT I460 OUTPUT 708 ;  "OK"470 OUTPUT 70S . 11KA“480 FOR 1 =1 TO E
490 OUTPUT 703 . i>Jft"500 NEXT I510 IF U* =“T" THEN OUTPUT 708BA152© IF U$=“ T "  T H E N  WAIT 108800
5 3 0  I F  U * = " T "  T H E N  5 1 0  
5 4 8  !
5 5 0  ! *  *  * * * * * * * * *  *  *  *  *  *  *  *  *  *  *  *  *  *  
560 !
5 7 8  I H P U T  R *
5 8 8  I F  f i * = " N E W "  T H E N  4 6
5 9 0  I F  R $ = " C O M "  T H E N  9 6 0
6 0 S  O U T P U T  7 0 S  , : R T
6 1 0  I F  A $ = " B f i u T H E N  G O T O  6 3 6
6 2 0  G O T O  5 7 0
6 3 0  I G B U F F E R  Z $
6 4 0  T R A N S F E R  7 8 8  T O  Z $  F H S  .: C O U  
N T  E * C * D * 2  
6 5 8  O U T P U T  7 0 S  > " G A "
6 6 8  F O R  1 = 1  T O  B * D  
6 7 8  O U T P U T  7 0 S  
6 8 8  N E X T  I
6 9 8  O U T P U T  7 0 8  ; " D E A “
7 0 8  C L E A R  G D I S P  " S C A N  C O M P L E T E "  
7 1 0  D I S P  L E H C Z f  > s 2 i  ‘‘ D A T A  P O I N T S  
R E C O R D E D "
7 2 0  D I S P  " D A T A  F I L E N A M E "
7 3 0  I N P U T  F t
7 4 0  I F  L E N < F T ) < > 4  T H E N  7 6 0  
7 5 0  G O T O  7 8 0
7 6 G  C L E A R  © D I S P  " F I L E N A M E  M U S T  
B E  F O U R  C H A R A C T E R S  L O N G "
7 7 0  G O T O  7 2 0  
7 8 0  !
7 9 8  D T = F T ’4 - C H R T < D ) & C H R T < E > & C H R T < C  
) & C H R T < B >
8 8 0  2 T = D T S Z T  
8 1 0  R 1 , R = 0  
8 2 0  G O T O  1 3 1 9  
8 3 0  S T O P  
8 4 8  C L E A R
8 5 8  D I S P  " M O T O R S  O F F ? "
8 6 6  I H P U T  A T  
8 7 0  I F  R T = " Y " T H E N  9 2 8  
8 8 8  ! I F  M O T O R S  ON E N T E R  C O MMA ND 
C O D E  T O  T U R N  O F F  
8 9 8  I H P U T  A T  
9 8 0  O U T P U T  7 0 8  ; A T  
9 1 0  G O T O  8 5 0
9 2 8  R = 1 0  © B = 1 © E = 1 0  © C = 2 5 8  © 
0 = 2 5 0  
9 3 0  G O T O  2 7 0  
9 4 0  ! * * * * * * * * * * * *
9 5 0  ! * * *  * * *
9 6 0  ! * *  S T E P  B Y  S T E P  I / P  * *
9 7 8  ! * * *  * * *
9 8 6  C L E R R
9 9 0  D I S P  " S T O R E  OR D I S P L A Y  D A T A "  
1 8 0 0  I N P U T  A T  
1 0 1 0  I F  f l T = " S "  T H E N  1 1 0 8  
1 0 2 6  I F  R T = " S D "  T H E N  1 2 3 6  
1 0 3 8  O U T P U T  7 0 S  " B A " 
i  0 4 8  F O R  1 =  1 T O  C * D  
1 0 5 8  E N T E R  7 0 S  U S I N G  •, # , W ,‘ , A 2 <  
I )
1 0 6 0  D I S P  A l
1 0 7 0  N E X T  I
1 0 8 0  G O S U B  1 3 9 6
1 0 9 0  G O T O  5 7 0
1 1 8 0  O U T P U T  7 0 8  ; " B A “
U l ©  F O R  1 =  1 T O  C * D  
1 1 2 8  E N T E R  7 0 8  U S I N G  . A2«.
I  )
1 1 3 8  N E X T  I
1 1 4 0  D I S P  " D A T A F I L E  N A M E "
1 1 5 0  I N P U T  A T
1 1 6 9  C R E A T E  A T  i 1 .• 8 * C * D
1 1 7 0  A S S I G N S  1 T D  R T  
1 1  S O  F O R  1 =  1 T O  C * D  
1 1 9 8  P R  I  N T  If 1 ; A 2  < I )
1 2 0 0  N E X T  I
1 2 1 0  A S S I G N #  1 T O  *
1 2 2 0  G O T O  5 7 0  
1 2 3 0  O U T P U T  7 8 8  . i " B A u 
1 2 4 6  F O R  1 = 1  T O  C * 0  
1 2 5 0  E N T E R  7 0 8  U S I N G  “ # , W "  ; h £ <  
I >
1 2 6 0  D I S P  A £ < I )
1 2 7 0  N E X T  I 
1 2 8 0  G O S U B  1 3 9 8  
1 2 9 8  G O T O  1 1 4 0  
1 3 0 0  !
1 3 1 8  ! * * . *  F H S  D R T A  S T O R E  j. * *  
1 3 2 8  !
1 3 3 8  C L E A R
1 3 4 0  C R E A T E  F T , 1 , E * C * D * 2 + 1 1  
1 3 5 0  A S S I G N #  1 T O  FT- 
1 3 6 0  P R I N T #  1 i  2 T  
1 3 7 0  A S S I G N #  1 T O  *
1 3 8 0  S T O P
1 3 9 0  M O V E  1 , 0 2 ( 1 )
1 4 0 0  F O R  1 = 1  T O  C * D  
1 4 1 0  P L O T  I > R 2 < I >
1 4 2 0  N E X T  I 
1 4 3 0  R E T U R N
